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Abstract 
 
The overall aim of the research described in this thesis is to identify neural substrates 
underlying the Kamin blocking effect. This phenomenon is crucial for understanding of the 
neural mechanisms of associative learning. Kamin blocking refers to the finding that 
conditioned responding to a cue is attenuated when it is paired with a reinforcer in the 
presence of another cue which has previously been conditioned using that reinforcer. The 
blocking effect suggests that associative learning is driven by prediction errors, and is not 
based purely on temporal contiguity between events. In the context of appetitive classical 
conditioning, recent evidence suggests that the ventral tegmental area and the nucleus 
accumbens play a role in computing reward prediction error. The current study shows that 
blocking inhibition in the ventral tegmental area or inactivating the nucleus accumbens 
neurons during compound cue conditioning attenuates Kamin blocking. Inactivating the 
nucleus accumbens during single cue conditioning also attenuates Kamin blocking. Taken 
together, these findings suggest that inhibition in the ventral tegmental area, inhibitory output 
from the nucleus accumbens, and learning in the nucleus accumbens play crucial roles in the 
Kamin blocking effect. Previous studies show that dopamine transients track the theoretical 
reward prediction error during appetitive classical conditioning, and the reduction in the 
dopamine response evoked by the reward when it is expected has been suggested to play a 
role in the Kamin blocking effect. In support of this hypothesis, the current study also found 
that goal tracking rats, in which expected rewards have previously been shown to evoke a 
robust dopamine response, did not express the Kamin blocking effect. Conversely, sign 
trackers, in which expected rewards evoke a diminished dopamine response, expressed the 
blocking effect. These findings are discussed in relation to psychological theory of learning 
and the possible underlying neural mechanisms. 
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1. Introduction and Statement of the Problem 
 
1.1 Introduction 
The neural mechanism for learning is a central topic in neuroscience. Classical conditioning, 
one of the major forms of learning, is the learning of associations between environmental 
cues and the reinforcers that they foreshadow. Extensive experimental laboratory 
investigation of learning in the early part of last century led to psychological theories of 
classical conditioning which assumed that the temporal contiguity between the cue and the 
reinforcer was sufficient for conditioning to occur. However, the discovery of the Kamin 
blocking effect (Kamin, 1968; Kamin, 1969a; Kamin, 1969b), called into question this 
assumption. Kamin demonstrated that conditioned responding to a cue that is paired with a 
temporally contiguous reinforcer is attenuated if, during the pairing, the cue is presented 
simultaneously with another cue that has previously been conditioned using the same 
reinforcer. Kamin explained this phenomenon by proposing that the reinforcer has to be 
surprising or unexpected for conditioning to occur. This finding shifted the theoretical 
framework for classical conditioning from theories that required only temporal contiguity to 
those that relied on prediction error. Models of associative learning that rely on prediction 
errors have since been elaborated into sophisticated computational theories.  
Advances in psychology have been complemented by neurobiological analysis of behavioral 
effects of localized lesions and pharmacological manipulations of the brain and the 
correlation of neural activity with behavior, which have suggested possible neural substrates 
for behavioral learning. Notable among these is the identification of transient increases in the 
firing of midbrain dopamine neurons, which track the theoretical reward prediction error 
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signal (Mirenowicz & Schultz, 1994; Schultz et al., 1997; Hollerman & Schultz, 1998) and 
are correlated with the occurrence of classical conditioning (Waelti et al., 2001), and the 
identification of glutamate receptor mediated synaptic plasticity, such as that mediated by N-
methly-D-aspartate (NMDA) receptors, and its modulation by dopamine (Calabresi et al., 
2000; Gurden et al., 2000; Reynolds et al., 2001; Tye et al., 2008; Koralek et al., 2012), as 
possible neural substrates for learning. However, much remains to be discovered about the 
neural substrates and mechanisms underlying associative learning and controlling the firing 
of dopamine neurons in the context of learning. In particular, psychology has shown that 
learning is an active process. Learning is not the imprinting of every fragment of experience 
onto memory, but rather a selection process. Thus, a current topic of research is to discover 
the neural mechanisms that not only permit learning to occur, but also determine what is 
learnt.  
The work in this thesis revisits the Kamin blocking effect from a new biological perspective. 
As mentioned earlier, this phenomenon showed that associative learning is not based purely 
on temporal contiguity, but also depends on the predictability of the reinforcer. This finding 
had a strong influence on theories of associative learning. However, the neural substrates 
underlying the Kamin blocking effect have not yet been fully elucidated.  
 
1.2 Statement of the problem  
The overall aim of the research reported in this thesis is to identify some important neural 
substrates of the Kamin blocking effect. Contemporary theories of learning suggest that 
regions involved in the computation of prediction errors may play a key role in the expression 
of the Kamin blocking effect (Rescorla & Wagner, 1972; Mackintosh, 1975; Pearce & 
Bouton, 2001). This theoretical framework assumes that learning of new associations cannot 
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occur when there is no, or diminished, prediction error. To develop this theory further, there 
is a need to investigate the causal role, in the expression of the Kamin blocking effect, of 
structures that compute prediction errors.  
A review of the literature suggests that the ventral tegmental area (VTA) dopamine neurons, 
and the control of input to these neurons by the nucleus accumbens (NAc), plays a key role in 
the computation and expression of reward prediction error. The Kamin blocking effect, at 
least in the context of appetitive reinforcers (referred to as rewards in this thesis), may invoke 
mechanisms that rely on these reward prediction error computations. To investigate these 
mechanisms, the research reported in this thesis tests the role of the ventral tegmental area 
and the nucleus accumbens in the expression of the Kamin blocking effect. 
 
1.3 Hypotheses 
The overall research hypothesis is that the suppression of a dopamine reward prediction error 
signal when a reward is fully predicted underlies the Kamin blocking effect. There are three 
specific experimental hypotheses: 
I. Inhibition of the dopamine neurons in the ventral tegmental area at the expected 
time of reward delivery is necessary for reducing the reward evoked dopamine 
reward prediction error signal when the reward is expected. Thus, inhibitory input 
to the ventral tegmental area is necessary during compound cue conditioning for 
the expression of the Kamin blocking effect. 
II. Output of the nucleus accumbens region of the striatum controls the activity of the 
ventral tegmental area dopamine neurons in the context of reward related learning 
and contributes to the dopamine reward prediction error signal. Thus, output from 
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the nucleus accumbens is necessary during compound cue conditioning for the 
expression of the Kamin blocking effect.  
III. The output of the nucleus accumbens acquires control over the activity of the 
ventral tegmental area dopamine neurons through neuronal learning during the 
single cue conditioning phase. Thus, learning in the nucleus accumbens during the 
single cue conditioning phase is necessary for the expression of the Kamin 
blocking effect. 
Based on these hypotheses, the aim of the research described in this thesis was to answer 
three specific questions:  
i) Does blocking inhibition in the ventral tegmental area during the compound cue 
conditioning phase of the Kamin blocking procedure disrupt the Kamin blocking 
effect? 
ii) During compound cue conditioning, does inactivating the nucleus accumbens 
disrupt the Kamin blocking effect? 
iii) During single cue conditioning, does inactivating the nucleus accumbens disrupt 
the Kamin blocking effect? 
These questions are addressed by measuring the effect of anatomically selective 
manipulations on behavioral measures of the Kamin blocking effect. 
 
1.4 Outline of the thesis 
This thesis consists of five chapters. 
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Chapter one (this chapter) provides an overall statement of the problem, hypotheses, and 
experimental questions.  
Chapter two is a review of the literature concerning the Kamin blocking effect as a behavioral 
phenomenon, the possible role of dopamine in the expression of the blocking effect, and the 
likely roles of the ventral tegmental area and the nucleus accumbens as the neural substrates 
underlying the Kamin blocking effect. 
Chapter three reports findings of three experimental studies. In the first, inhibition onto the 
ventral tegmental area neurons was blocked during the compound cue conditioning phase by 
bilaterally infusing bicuculline into the ventral tegmental area. In the second, the firing of the 
neurons in the nucleus accumbens was inhibited during the compound cue conditioning 
phase, thus disrupting the output from this region. In the third, during the single cue 
conditioning phase, the firing of the neurons in the nucleus accumbens was inhibited, thus 
disrupting learning in this region during this phase. The effects of these three manipulations 
on the Kamin blocking effect are reported. 
In chapter four, data from the studies mentioned in chapter three is reanalyzed, grouping 
animals on the basis of the nature of their response to the conditioned cue during the single 
cue conditioning phase i.e., goal trackers and sign trackers. Following the Flagel et al., (2011) 
finding that the reduction in the reward evoked dopamine response when the reward becomes 
expected occurs only in sign trackers and not in goal trackers, the overall research hypothesis 
of this thesis (see section 1.3) predicts that only sign trackers will express the Kamin blocking 
effect.  
Chapter five summarizes the results reported in this thesis and discusses their implications 
within the theoretical framework of associative learning, and for future attempts at 
demonstrating the Kamin blocking effect. The various associative structures acquired during 
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classical conditioning, their possible neural pathways, their influence on conditioned 
responding and subsequent learning, and the importance of experimental protocols designed 
to distinguish between behaviors attributable to different associative structures are discussed. 
Chapter 5 also extends on a previously proposed mechanism (Aggarwal et al., 2012) for 
acquiring timed inhibition of the dopamine neurons during classical conditioning. Lastly, the 
overall significance of the results reported in this thesis and future directions to build on the 
current results are discussed.  
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2. Review of Literature 
 
This chapter introduces selected concepts of associative learning relevant to this thesis, and 
provides the background to my hypotheses. The chapter starts with the classical conditioning 
phenomena that contribute to associative learning theory. Section 2.2 discusses the role of 
prediction error in the Kamin blocking effect, which substantiates the idea that only 
unexpected events drive associative learning. Section 2.3 discusses the role of the dopamine 
reward prediction error signal in Kamin blocking of appetitive classical conditioning. Driven 
by the hypothesis － that a reduction in the reward evoked dopamine signal when the reward 
is expected is important for Kamin blocking to occur － sections 2.4-2.7 identify neural 
substrates to be tested for their possible role in the Kamin blocking effect. Lastly, section 2.8 
summarizes the hypotheses whose tests are reported on in chapter 3.  
 
2.1 Classical Conditioning 
Classical conditioning refers to the learning of an association between two temporally 
correlated events. When a cue precedes the delivery of a reinforcer, and this pairing is 
repeated, an association is formed between the cue and the reinforcer. The cue is said to have 
become conditioned and is referred to as the conditioned stimulus (CS). The reinforcer is 
called the unconditioned stimulus (US). The presentation of the cue, once conditioned, 
evokes a behavioral response as a result of the conditioning procedure. This response is 
called the conditioned response (CR) and is used as the measure for the extent of classical 
conditioning. Pavlov (1927) was the first to describe such conditioning. He trained a dog 
using a buzzer CS paired with a food US, an appetitive reinforcer. He observed that after 
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repeated pairings of the buzzer and the food, the buzzer began to elicit a salivation response 
(CR) from the dog.  
In the early part of the 20th century, it was thought that temporal contiguity between the cue 
and reinforcer was necessary and sufficient for classical conditioning to occur. However, a 
number of classical conditioning phenomena, discovered in the latter half of the 20th century, 
suggested that temporal contiguity was not sufficient for classical conditioning.  
Rescorla (1968) argued that contingency between the CS and the US plays an important role 
in determining the strength of the CR. Rescorla (1968) found that conditioning depends on 
the probability of US given the CS and probability of the US in the absence of the CS. US 
presentation in the absence of the CS interfered with conditioning. When the probability of 
occurrence of US given CS was held constant, conditioning changed from excellent to 
negligible simply by increasing the rate of occurrence of US in the absence of CS (Rescorla, 
1988). These experiments showed that classical conditioning involves more than a simple 
CS-US contiguity. Rather, the CS-US contingency is an important factor in determining the 
extent of conditioning.   
Lubow (1973b; a) found that a cue repeatedly presented in the absence of a US is difficult to 
condition when it is subsequently used in a classical conditioning procedure. This 
phenomenon, called latent inhibition, suggested that temporal contiguity is not sufficient for 
classical conditioning, and that the associability of the cue plays a role in determining the 
extent of conditioning. It further showed that the associability of a cue is not constant, and 
changes based on past experience with the cue.  
The discovery of the Kamin blocking effect (Kamin, 1968; Kamin, 1969a; Kamin, 1969b) 
provided a major conceptual advance in the understanding of the factors necessary for 
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associative learning, suggesting that the US needs to deviate from expectations for learning to 
occur. The blocking effect is central to this thesis and is discussed in the next section.  
 
2.2 The Kamin Blocking Effect 
Kamin (1968; 1969a; 1969b) described an attenuation in conditioned responding to a CS 
paired with a US if, during the pairing, the CS is presented simultaneously with another CS 
which has previously been associated with the same US. This is known as the Kamin 
blocking effect, or transreinforcer blocking (Ganesan & Pearce, 1988b; a).  
In the Kamin blocking experiment (blocking group – Fig. 2.1), a first cue, A, undergoes 
conditioning using a reinforcer as the US. Once the conditioning is complete, a second cue, 
B, is simultaneously presented with cue A and this compound A + B is conditioned using the 
same reinforcer. Finally, responding to the presentation of cue B alone is tested in the 
absence of the reinforcer (in extinction). Blocking is said to have occurred if, during the 
extinction test, the blocking group’s conditioned response to cue B is significantly lesser than 
that of animals undergoing control procedures. One commonly used control procedure is for 
animals to undergo compound cue conditioning without prior conditioning of cue A (control 
group – Fig. 2.1). A significant difference between the two groups (Fig. 2.1) in their 
conditioned response to cue B during the extinction test suggests that prior conditioning of 
cue A is responsible for the blocking group’s (Fig. 2.1) diminished response to cue B.   
The Kamin blocking effect can be explained by prediction error theories of learning. In these 
theories, learning is based on the difference between what is predicted and what actually 
happens, that is, the prediction error (Rescorla & Wagner, 1972; Pearce & Bouton, 2001; 
Bouton, 2007). In this formulation, associative learning between the cue and the reinforcer 
occurs only when reinforcement exceeds or falls short of expectation. No associative learning 
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occurs if the reinforcement does not deviate from expectations. This formulation, when 
applied to the Kamin blocking experimental design (Fig. 2.1), automatically results in the 
Kamin blocking effect, and is explained as follows:  
According to prediction error based learning models, when cue A is followed by a reinforcer 
(blocking group in Fig 2.1) in the early stages of conditioning, the reinforcer is completely 
unexpected and therefore leads to the formation of an association between cue A and the 
reinforcer. As classical conditioning progresses, the cue A – reinforcer association is 
gradually strengthened. The cue A – reinforcer association reaches an asymptote once cue A 
fully predicts the reinforcer. After learning, when the compound cue A + B is conditioned 
using the same reinforcer (blocking group, Phase 2 in Fig 2.1), the reinforcer is accurately 
predicted by cue A and can therefore not support conditioning of cue B. Thus, cue B does not 
 
            Blocking Group                    Control Group 
 
Phase 1:     Cue A  Reinforcer   Cue Z  Reinforcer  
 
Phase 2:     Cue A + B  Reinforcer   Cue A + B  Reinforcer         
 
Phase 3:     Cue B  No Reinforcer  Cue B  No Reinforcer 
Figure 2.1: Schematic representation of the Kamin blocking procedure, 
which consists of three phases. Phase 1 is a single cue conditioning phase, 
phase 2 is a compound cue conditioning phase, and phase 3 is an extinction 
test. In the blocking group, conditioning of cue A occurs in phase 1, prior to 
conditioning of the compound cue A + B. In the control group, cue Z is 
conditioned in phase 1 (to keep the number of presentations of the 
reinforcer the same in the two groups during this phase), prior to 
conditioning of the compound cue A + B. Blocking occurs if, in phase 3, 
cue B presentations evoke a stronger response in the blocking group than in 
the control group. 
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get conditioned during the compound cue conditioning phase. According to prediction error 
based learning theories, it is the accurate prediction of the reinforcer by cue A that produces 
the Kamin blocking effect. The extent of blocking of conditioning of cue B depends on how 
well cue A predicts the reinforcer – the smaller the prediction error in the compound cue 
phase, the stronger is the blocking effect. It is important to note here that the Kamin blocking 
effect can also be explained by theories in which temporal contiguity between a cue and a 
reinforcer is sufficient for associative learning to occur. Such theories rely on cue competition 
during performance in phase 3 to explain blocking, for example, the extended comparator 
hypothesis (Stout & Miller, 2007). 
The discovery of the Kamin blocking effect had a huge impact on the theoretical framework 
for understanding classical conditioning. It implied that the reinforcer had to be surprising for 
conditioning to occur, thus shifting the focus from temporal contiguity to prediction error.  
A further development in this theoretical framework came from a different direction, namely 
the neurobiology of reinforcement. This is elaborated in the next section, but briefly, Schultz 
and colleagues (Mirenowicz & Schultz, 1994; Schultz et al., 1997; Hollerman & Schultz, 
1998; Waelti et al., 2001) found that neuronal responses of the dopamine neurons in the 
midbrain conformed to the rules of prediction error theories of learning. In particular, the 
dopamine neurons fired in a manner consistent with prediction error signaling when rewards, 
such as food or water, were used as the US in classical conditioning procedures. Further, 
Waelti et al., (2001), using the Kamin blocking paradigm, found a correlation between 
learning and dopamine response evoked by the reward. Specifically, behavioral learning 
occurred only when the reward evoked a robust increase in dopamine neuron firing rate. 
Conversely, behavioral learning did not occur when the reward did not evoke a robust 
dopamine response. These findings suggested a possible neural substrate for the reward 
prediction error signal necessary for appetitive classical conditioning. Given the significance 
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of these findings for Kamin blocking, the next section provides a brief background to the 
firing modes of dopamine neurons, and then reviews the role of the dopamine reward 
prediction error signal in the expression of the Kamin blocking effect. 
 
2.3 Dopamine, Reward Prediction Error and the Kamin Blocking Effect 
2.3.1. Midbrain dopaminergic pathways 
Midbrain dopamine neurons form three distinct cell groups: the ventral tegmental area, the 
substantia nigra compacta, and the retrorubral area (Anden et al., 1964; Dahlstroem & Fuxe, 
1964; Felten & Sladek, 1983; Williams & Goldman-Rakic, 1998). The efferent projections of 
the midbrain dopamine neurons form a number of important dopaminergic pathways (Fallon 
& Moore, 1976; Bjorklund & Lindvall, 1978; Fallon et al., 1978; Fallon & Moore, 1978a; b; 
Lindvall & Bjorklund, 1983). Of particular relevance to this thesis are the mesocorticolimbic 
and nigrostriatal pathways (Fig. 2.2).  
The mesocorticolimbic pathway is divided into the mesolimbic pathway, consisting of mainly 
the projections from the ventral tegmental area to the ventral striatum (Voorn et al., 1986; 
Jimenez-Castellanos & Graybiel, 1987), and the mesocortical pathway, which refers to the 
projections from the ventral tegmental area to the prefrontal cortex (Thierry et al., 1973; 
Berger et al., 1974; Bentivoglio & Morelli, 2005; Bjorklund & Dunnett, 2007). The 
nigrostriatal pathways consists of projections from the substantia nigra pars compacta to the 
dorsal striatum (Gerfen, 1984; Gerfen et al., 1987; Jimenez-Castellanos & Graybiel, 1987).  
The mesocorticolimbic and nigrostriatal pathways play a role in motivating behavior and 
learning, regulating emotions, forming reward associations, controlling voluntary movement, 
and may also play a role in signaling the saliency of environmental stimuli, amongst others.  
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2.3.2 Physiology of the midbrain dopamine neurons 
To appreciate the mechanism underlying the dopamine prediction error signal, it is first 
important to understand how inputs to the dopamine neurons modulate their firing rate. 
Dopamine neurons in the midbrain exhibit two different modes of firing. Usually, dopamine 
neurons fire in a single spiking mode at a low, irregular rate (Grace & Bunney, 1983; 1984b; 
Grace & Onn, 1989; Lacey et al., 1989; Paladini & Tepper, 1999; Wilson & Callaway, 2000; 
Grillner & Mercuri, 2002; Hyland et al., 2002). Input activity can sometimes excite these 
single spiking dopamine neurons into a burst firing mode, consisting of multiple consecutive 
spikes (Grace & Bunney, 1984a; Hyland et al., 2002; Lodge & Grace, 2006).  
Figure 2.2: Schematic representation of the midbrain dopaminergic pathways. The 
mesocortical pathway consists of projections from the VTA to the prefrontal cortex. The 
mesolimbic pathway consists of projections from the VTA to the ventral striatum. The 
nigrostriatal pathway consists of projection from the substantia nigra pars compacts (SNc) 
to the dorsal striatum.  
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The induction of burst firing depends on both the excitatory and inhibitory inputs to the 
dopamine neurons. Floresco et al., (2003) found that increasing excitatory input to the ventral 
tegmental area by activation of excitatory afferents or via glutamate agonists induced burst 
firing in only those dopamine neurons which were already firing in the single spike mode. In 
neurons that were inactive, increase in excitatory input had little or no effect, presumably due 
to GABA-mediated hyperpolarization (Lodge & Grace, 2006; Tepper & Lee, 2007). 
Conversely, decreasing the inhibitory input by decreasing the tonic GABAergic transmission 
to the ventral tegmental area resulted in an increase in the number of spontaneously active 
dopamine neurons. Decreasing the inhibitory input, however, did not induce burst firing 
without concurrent activation of the excitatory inputs to the dopamine neurons (Floresco et 
al., 2003). Further, induction of burst firing using NMDA agonists was abolished by bath 
application of GABAA agonists (Paladini et al., 1999; Tepper & Lee, 2007). This effect could 
not be reversed by depolarizing current injection, which counters the GABA induced 
hyperpolarization (Tepper & Lee, 2007), emphasizing the importance of direct inhibitory 
synaptic inputs to the dopamine neurons (Aggarwal et al., 2012). These findings suggest that 
the induction of burst firing mode in the dopamine neurons requires a coordinated increase in 
excitatory input and a decrease in inhibitory input (Floresco et al., 2003; Lodge & Grace, 
2006; Tepper & Lee, 2007; Joshua et al., 2009; Aggarwal et al., 2012).  
A large population of dopamine neurons enter a burst firing mode when unexpected rewards 
are encountered (Schultz, 1986; Schultz et al., 1997; Hyland et al., 2002; Joshua et al., 2009). 
The induction of such synchronous burst firing in a population of dopamine neurons suggests 
that rewards induce an increase in excitatory input and decrease in inhibitory input to occur in 
a coordinated manner across a very large number of dopamine neurons.   
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2.3.3 The dopamine reward prediction error signal  
Unexpected rewards, such as food presented to a hungry rat without warning, induce a 
dopamine response in the midbrain dopamine neurons that consists of a transient increase in 
the firing rate (Schultz et al., 1997) and a transient increase in dopamine release in the 
striatum (Day et al., 2007). When a cue is classically conditioned using a reward as the US, 
the cue gradually comes to evoke a dopamine response. At the same time the dopamine 
response to the reward, when preceded by the cue, gradually declines (Pan et al., 2005; Day 
et al., 2007) (Fig. 2.3). This may correspond to the development of an expectation of the 
reward.  Thus, according to formal theory, dopamine signals the error in reward prediction 
(Montague et al., 1996; Schultz et al., 1997; Waelti et al., 2001).  
Figure 2.3: Schematic representation of the dopamine reward prediction error 
signal, showing the gradual development of a dopamine response to the cue being a 
conditioned and a gradual decline in the dopamine response evoked by the reward, as 
classical conditioning progresses. 
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Recent research suggests that this dopamine reward prediction error signal plays a key role in 
the expression of the Kamin blocking effect (Waelti et al., 2001; Steinberg et al., 2013; 
Sharpe et al., 2017). Steinberg et al. (2013) showed that the reduction in the reward evoked 
dopamine response when the reward is expected (compared to when it is unexpected) is 
crucial to the Kamin blocking effect.  
Steinberg et al. (2013) conditioned the first cue, A, using a liquid sucrose reward in two 
groups of animals (Fig 2.4). During the compound cue conditioning phase (Phase 2 in Fig 
2.4), only group 1 received optogenetic activation of the ventral tegmental area dopamine 
neurons at the same time the sucrose reward was delivered (Sucrose + Stim), thereby 
artificially increasing their firing rate at the time of delivery of the expected reward. The final 
result of this manipulation was that the expected reward evoked a much higher dopamine 
response in group 1 (optogenetic activation group) than in group 2 (control group). Next, 
when the conditioned response to presentation of the second cue, B, alone was tested, group 1 
responded more strongly to cue B than group 2. Thus, artificially increasing the dopamine 
response at the time of the expected reward during the compound cue conditioning phase 
attenuated the Kamin blocking effect.  
It is important to note here that Steinberg et al. (2013) used optogenetic excitation of the 
ventral tegmental area dopamine neurons, which leads to dopamine release in excess of that 
evoked by unexpected natural rewards. This excess dopamine may interfere with the Kamin 
blocking effect in ways other than those restricted to the disruption of the dopamine reward 
prediction error signal To test the importance of the dopamine reward prediction error signal 
in Kamin blocking, there is a need to determine whether expected reward evoked dopamine 
release during the compound cue conditioning phase (phase 2), but not excess dopamine 
release, attenuates the Kamin blocking effect. This test requires manipulations of the brain 
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Figure 2.4: The Kamin blocking procedure used by Steinberg et al., (2013). (A) A 
schematic of the Kamin blocking procedure. The role in the Kamin blocking effect, of the 
reduction in the reward evoked dopamine response when the reward is expected, is 
exemplified in Phase 3 where cue B presentations evoke a stronger behavioral response in 
group 1 than in group 2. (B) A schematic representation of the expected difference in 
dopamine response during phase 2 between groups 1 and 2. In group 1, the presence of 
optogenetic stimulation induces a dopamine response at the time of sucrose delivery 
during phase 2. In group 2, sucrose delivery does not induce any dopamine response 
during phase 2.  
 
 Group 1 (optogenetic activation)                 Group 2 (control) 
 
Phase 1:     Cue A  Sucrose    Cue A  Sucrose 
 
Phase 2:     Cue A + B  Sucrose + Stim  Cue A + B  Sucrose         
 
Phase 3:     Cue B  No Reward   Cue B  No Reward 
A 
B 
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that block the reduction in the dopamine reward prediction error signal evoked by rewards 
when they are expected.  
Evidence reviewed in the following sections suggests neural substrates that may play a 
crucial role in the reduction of the dopamine response evoked by rewards when they are 
expected. This leads to the experimental part of this thesis, in which the effects of 
manipulating these neural substrates on the Kamin blocking effect are studied.  
 
2.4 Reduction in the reward evoked dopamine response when the reward is expected 
As explained in section 2.3, unexpected rewards induce a transient net excitation of the 
midbrain dopamine neurons, producing a transient increase in their firing rate. This dopamine 
response evoked by the reward is diminished when the reward is expected. The decline in the 
dopamine response elicited by the reward, when preceded by the cue, occurs gradually over 
the course of classical conditioning. After extended conditioning of the cue-reward 
association, the reward is accurately predicted by the conditioned cue, and the dopamine 
response evoked by reward delivery eventually vanishes (Schultz et al., 1993; Schultz et al., 
1997). However, unexpected presentation of the reward without the preceding cue evokes a 
strong dopamine response similar to the one seen at the start of conditioning (Ljungberg et 
al., 1991; Mirenowicz & Schultz, 1994). Thus, even though the dopamine response declines 
when the reward is expected, this decline does not remove the potential for the reward to 
activate the dopamine neurons when it is not preceded by the conditioned cue.  
The forgoing findings suggest that the presentation of the conditioned cue initiates a neural 
process that prevents the following reward from inducing a net excitation of the dopamine 
neurons. The conditioned cue can reduce reward evoked increase in dopamine neuron firing 
rate by two mechanisms. Either, the cue could reduce the reward induced excitatory input 
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onto the dopamine neurons. Alternatively, the cue could increase the inhibitory input onto the 
dopamine neurons. These mechanisms are not mutually exclusive and may act together to 
counteract the excitatory drive provided by the reward.  
Existing evidence supports the hypothesis that synaptic inhibition of the dopamine neurons 
occurs at the time of reward delivery. Owesson-White et al. (2008) used direct electrical 
stimulation of the ventral tegmental area (and therefore the dopamine neurons) as the reward 
in a classical conditioning paradigm. The intensity of this electrical stimulation reward is 
controlled by the experimenter and is held constant. Thus, the electrical stimulation reward 
always provides the same reward induced excitatory drive to the dopamine neurons on every 
reward delivery. Even under these conditions the predicted electrical stimulation reward 
evokes a diminished dopamine response. This suggests that an increase in direct inhibitory 
input onto the dopamine neurons at the time of the predicted reward counteracts the 
excitation produced by the electrical stimulation. However, there remains the possibility that 
the reduction in dopamine response evoked by the electrical stimulation reward, as the 
number of trials increased, occurred because of fatigue of a restricted releasable pool of 
dopamine (Nicolaysen et al., 1988; Montague et al., 2004; Owesson-White et al., 2008), or 
some other reduction in the excitatory effect of the electrical stimulation.  
Further supporting the hypothesis that the conditioned cue increases the synaptic inhibition 
onto the dopamine neurons to counteract the reward induced excitatory drive, Cohen et al. 
(2012) found that gamma aminobutyric acid (GABA) containing neurons in the ventral 
tegmental area undergo a sustained increase in their firing rate on presentation of the 
conditioned cue. They are not modulated by actual reward. Activation of these GABAergic 
interneurons inhibits ventral tegmental area dopamine neurons and reduces their firing rate 
(Tan et al., 2012). Conversely, inactivation of GABAergic interneurons in the ventral 
tegmental area disinhibits the dopamine neurons (Bocklisch et al., 2013) and increases the 
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phasic response of dopamine neurons to rewards (Eshel et al., 2015). Tian et al, (2016) 
further showed that GABAergic neurons in the ventral tegmental area, the ventral pallidum, 
the rostromedial tegmental nucleus and the ventral striatum all show similar responses to 
reward expectation, and all provide inhibitory input to the ventral tegmental area dopamine 
neurons (Fig. 2.5). Thus, these four regions provide reward expectation modulated inhibitory 
input to the dopamine neurons, and most likely play a role in reducing the reward evoked 
dopamine response when rewards are expected. 
Lastly, inhibitory inputs constitute 65-70% of all the synaptic inputs received by the 
dopamine neurons (Tepper & Lee, 2007). Thus, GABAergic control seems to dominate the 
input to the dopamine neurons and most likely plays a major role in controlling the firing rate 
of these neurons.  
The evidence reviewed above suggests that increase in the inhibitory input to the dopamine 
neurons plays a role in reducing the reward evoked dopamine response when rewards are 
expected. However, the foregoing argument does not preclude the possible role of reduction 
in the reward induced excitatory input to the dopamine neurons, and both mechanisms may 
act together to counteract the excitatory drive provided by the reward.  
This section reviewed evidence that suggests that synaptic inhibition at the dopamine neuron 
plays a role in the reduction in dopamine response to rewards when they are expected. 
Furthermore, firing the ventral tegmental area dopamine neurons during the delivery of the 
expected reward during compound cue conditioning abolished the Kamin blocking effect 
(Steinberg et al., 2013). These considerations led to the hypothesis that inhibitory inputs onto 
the ventral tegmental area neurons during compound cue conditioning are necessary for the 
expression of the Kamin blocking effect (hypothesis 1). Chapter 3 reports a test of this 
hypothesis. 
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2.5 Bridging the delay between the cue and the reward 
In the previous section, it was argued that the process that results in reduction of the 
dopamine response evoked by an expected reward is a cue initiated process. The conditioned 
cue and the following reward are usually separated by several seconds. Thus, the process 
triggered by the conditioned cue needs to remain active during the delay between the cue 
onset and reward delivery. Adding complexity to the requirements of this cue triggered 
process is the finding that presenting a conditioned cue but omitting the following expected 
Figure 2.5: Major sources of inhibitory afferents to the VTA dopamine neurons. The 
supporting evidence for each numbered inhibitory input is cited as follows: 1. Tan et al. 
(2012), Bocklisch et al. (2013), Eshel et al. (2015), Tian et al. (2016), Edwards et al. 
(2017); 2. Heimer et al. (1991), Groenewegen  et al. (1999), Geisler and Zahm (2005), 
Watabe-Uchida  et al. (2012), Tian  et al. (2016); 3. Watabe-Uchida et al. (2012), Tian et 
al. (2016); 4. Groenewegen et al. (1993), Geisler and Zahm (2005), Watabe-Uchida et al. 
(2012), Hjelmstad et al. (2013), Tian et al. (2016); 5. Jhou et al. (2009), Kaufling et al. 
(2010), Barrot et al. (2012), Tian et al. (2016); 6. DeVito and Anderson (1982), Watabe-
Uchida et al. (2012); 7. Deniau et al. (1982), Geisler and Zahm (2005), Watabe-Uchida et 
al. (2012) 
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reward results in a decrease in the firing rate of the dopamine neurons to below the baseline 
firing rate. This depression in dopamine neuron activity occurs exactly at the time at which 
the reward is expected to occur (Ljungberg et al., 1991; Schultz et al., 1993; Schultz et al., 
1997; Hollerman & Schultz, 1998; Waelti et al., 2001; Pan et al., 2008; Cohen et al., 2012) 
and results in a corresponding dip in the extracellular dopamine concentration in the striatum 
(Hart et al., 2014). This finding adds a very specific timing requirement to the cue initiated 
process such that its effect on the modulation of dopaminergic activity is specific to the 
expected time of occurrence of the reward.  
In section 2.4, it was argued that a process initiated by the presentation of a conditioned cue 
directly inhibits the dopamine neurons, and plays a role in the reduction of dopamine 
response evoked by the reward when the reward is expected. In section 2.5 it was argued that 
the effect of the cue initiated process on the modulation of dopaminergic activity is specific 
to the expected time of reward delivery. Taken together, these arguments suggest that the net 
increase in inhibitory input onto the dopamine neurons (which reduces the reward evoked 
dopamine response when the reward becomes expected) is timed to occur exactly at the time 
at which the reward is expected. This process requires a timing mechanism to bridge the 
delay between the cue and the expected reward, and this hypothetical timing mechanism is 
triggered by the presentation of the conditioned cue.  
The rest of this section is concerned with two related questions. First, what are the neural 
substrates underlying the timing mechanism that bridges the delay between the conditioned 
cue and the expected reward? Second, how do the neural substrates underlying the timing 
mechanism control the firing of the dopamine neurons?  
The striatal neural network has the capacity to generate sequential neural activity unique to an 
input (Carrillo-Reid et al., 2008; Ponzi & Wickens, 2010), suggesting that it can act as a 
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timer (Meck et al., 2008) for predicting reward after the cue input (Aggarwal et al., 2012). 
Many alternative brain regions are also capable of such timing processes (Grillner et al., 
2005; Itskov et al., 2011). However, it has been suggested that the striatal contribution to the 
modulation of these timing process plays an important role in reward related learning (Matell 
et al., 2003; Matell & Meck, 2004). The striatum also provides direct and indirect inhibitory 
input to the midbrain dopamine neurons and has been proposed to regulate the firing of 
dopamine neurons (Gerfen et al., 1987; Brown et al., 1999; Lisman & Grace, 2005; Grace et 
al., 2007; Hong & Hikosaka, 2008; Bromberg-Martin et al., 2010a; Bromberg-Martin et al., 
2010b). Thus, the striatum is a strong candidate neural substrate for the timing mechanism 
that bridges the delay between the conditioned cue and the expected reward and for 
coordinating the timed inhibitory input to the dopamine neurons. 
The striatum has previously been hypothesized to provide the timed inhibitory input to the 
dopamine neurons (Brown et al., 1999; Aggarwal et al., 2012), although the numerous 
sources of input to the dopamine neurons (Watabe-Uchida et al., 2012; Tian et al., 2016) and 
their effects on dopamine release in the striatum (Floresco et al., 2003; Grace et al., 2007; 
Stopper et al., 2014) leaves room for many other possibilities. It is also possible that multiple 
regions act in concert to time the cue triggered process and provide the necessary modulation 
of dopamine neuron activity to reduce the dopamine response evoked by the reward when it 
is expected. However, the modulation of striatal neuronal activity by reward expectation 
(Tian et al., 2016), and the extensive control of the striatal output over the inhibitory input to 
the dopamine neurons (see section 2.7), suggests that the striatum plays a role in the cue 
triggered delayed inhibition of the dopamine neurons at the expected time of reward delivery.   
In section 2.3.3, it was argued that the reduction in the dopamine response evoked by the 
reward when it is expected is crucial for the expression of the Kamin blocking effect. In 
section 2.5, it was further proposed that the striatum is likely to play a role in modulating 
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dopaminergic activity at the expected time of reward delivery, given its timing capabilities, as 
well as its direct and indirect inhibitory inputs to the dopamine neurons. The experiments 
reported in chapter 3 will therefore investigate whether the striatum plays a role in the 
expression of the Kamin blocking effect. In particular, the experiments will test whether 
inactivating the striatum, thus disrupting the output from this region, during the compound 
cue conditioning phase disrupts the Kamin blocking effect (hypothesis 2). For reasons 
discussed in section 2.7, the experiments will focus on the role of the nucleus accumbens 
region of the striatum.  
  
2.6 Neuronal learning of the timed inhibition of the dopamine neurons 
Section 2.5 discussed the suitability of the striatal neural network to act as the timer for 
predicting the reward and timing the postulated net inhibition of the dopamine neurons such 
that it occurs at the expected time of the reward delivery. The resultant reduction in the 
dopamine response evoked by the reward, when preceded by the cue being conditioned, 
occurs gradually as classical conditioning progresses. The gradual nature of this reduction 
suggests a reciprocal gradual increase in the inhibition of the dopamine neurons at the time of 
reward delivery as learning progresses over the course of classical conditioning. Section 2.6 
considers the role of neuronal learning in the striatal neural network in gradually increasing 
the strength of the timed inhibition of the dopamine neurons as classical conditioning 
progresses. 
Synaptic plasticity is an influential model for the neural basis of learning. Synaptic plasticity 
in the cortical (Calabresi et al., 2000; Reynolds & Wickens, 2000; Kerr & Wickens, 2001; 
Reynolds et al., 2001), hippocampal (Floresco et al., 2001b) and amygdala (Floresco et al., 
2001a; b) inputs to the striatum is modulated, both in vitro and in vivo, by dopamine 
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transients, such as those produced by rewards. In particular, activity in the afferents to the 
striatal medium spiny neurons (the output neurons of the striatum) followed by activation of 
the striatal neurons without a concurrent transient increase in dopamine efflux in the striatum 
resulted in long-term depression of the synaptic inputs (Reynolds & Wickens, 2000). The 
presence of a concurrent dopamine efflux or the application of a D1 receptor agonist resulted 
in long-term potentiation of these synapses (Reynolds & Wickens, 2000; Kerr & Wickens, 
2001; Reynolds et al., 2001). This synaptic potentiation was blocked by D1 receptor 
antagonists (Kerr & Wickens, 2001).   
Reynolds et al., (2001) demonstrated dopamine D1 receptor mediated strengthening of 
cortico-striatal synapses using electrical stimulation of dopamine neurons. This stimulation 
was shown to act as a reward in a behavioral paradigm. In these experiments, pressing of a 
lever triggered electrical stimulation of the dopamine neurons, and animals gradually learnt to 
press the lever to obtain dopamine neuron stimulation. Reynolds et al. (2001) found that the 
magnitude of dopamine dependent strengthening of cortico-striatal synapses was negatively 
correlated with the time taken to learn the lever pressing behavior. They thus postulated that 
dopamine dependent strengthening of the cortico-striatal synapses may be a neural 
mechanism for learning of rewarded behavioral responses. Further, many studies have 
demonstrated the necessity of striatal dopamine in the expression of classical conditioning 
(Parkinson et al., 2002; Parker et al., 2010; Parker et al., 2011; Darvas et al., 2014). Taken 
together, this evidence suggests that dopamine mediated synaptic plasticity occurs in the 
striatum during reward-related learning and may serve as a neural substrate for reward 
mediated learning.  
Given the importance of dopamine mediated learning in the striatum, Aggarwal et al., (2012) 
and Brown et al., (1999) hypothesized that strengthening of the cue evoked activity in the 
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striatum by the reward evoked dopamine release may enable learning of the timed inhibition 
of the dopamine neurons during classical conditioning.  
Therefore, it is important to investigate the role of learning in the striatum in the expression 
of the Kamin blocking effect. The experiments reported in chapter 3 investigate whether 
inactivating the striatum during the single cue conditioning phase disrupts the Kamin 
blocking effect (hypothesis 3). For reasons discussed in section 2.7, the experiments focus on 
the role of the nucleus accumbens region of the striatum. 
  
2.7 The nucleus accumbens subdivision of the striatum – behavioral and anatomical 
considerations 
Sections 2.4-2.6 discussed the role of a gradually learnt net inhibition of dopamine neurons, 
occurring exactly at the expected time of reward delivery, in the reduction of the dopamine 
response evoked by reward when it is expected. Section 2.7 reviews behavioral and 
anatomical findings that make the nucleus accumbens a likely substrate for the learning and 
mediation of this timed inhibition. 
Darvas et al., (2014) found that mice with only 5% of normal dopamine in the striatum were 
severely impaired in the acquisition of a conditioned response during classical conditioning. 
This impairment was ameliorated by pharmacological restoration of dopamine synthesis with 
L-dopa. They further found that virus-mediated restoration of dopamine synthesis in the 
ventral striatum, and not in the dorsal striatum, restored the ability of acquire a conditioned 
response in completely dopamine-deficient mice. These findings suggest that the action of 
dopamine in the ventral striatum is necessary for the learning of a conditioned response 
during classical conditioning. Similar impairments in the acquisition as well as performance 
of conditioned behavior were observed when the dopaminergic afferents to the nucleus 
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accumbens were lesioned (Parkinson et al., 2002) or dopamine receptors in the nucleus 
accumbens were blocked (Di Ciano et al., 2001). Taken together, these findings suggest that 
dopamine mediated learning in the nucleus accumbens is important for classical conditioning.  
From the anatomical point of view, the ventral tegmental area dopamine neurons, whose 
activation at the time of the expected reward abolishes the Kamin blocking effect (Steinberg 
et al., 2013), predominantly project to the ventral striatum, and are the major source of 
dopaminergic input to the ventral striatum (Brog et al., 1993; Groenewegen et al., 1999). 
Conversely, the nucleus accumbens region of the ventral striatum sends inhibitory projections 
to the dopamine neurons in the ventral tegmental area (Groenewegen et al., 1999; Watabe-
Uchida et al., 2012). The nucleus accumbens also projects to other areas that in turn project 
to the dopamine neurons in the ventral tegmental area (Aggarwal et al., 2012), such as the 
ventral pallidum (Heimer et al., 1991; Watabe-Uchida et al., 2012), the GABAergic 
interneurons in the ventral tegmental area (Xia et al., 2011; Edwards et al., 2017), and the 
lateral hypothalamus (Groenewegen et al., 1999; Watabe-Uchida et al., 2012). Thus, the 
output of the nucleus accumbens is capable of directly and indirectly modulating the firing of 
the dopamine neurons in the ventral tegmental area (Fig. 2.6).  
Two points in the foregoing argument are, first, that dopamine mediated learning in the 
nucleus accumbens is important in the context of classical conditioning. Second, the 
accumbens output has the capability to modulate the firing of the dopamine neurons in the 
ventral tegmental area. Taken together, these two findings make it likely that dopamine 
mediated plasticity in the nucleus accumbens plays a role in the learning of the timed net 
inhibition of the dopamine neurons at the expected time of reward delivery. This timed net 
inhibition, as discussed in earlier sections, is postulated to be important for the reduction in 
dopamine response to the reward when the reward is expected.  
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2.8 Summary of the hypotheses 
The foregoing review developed the hypothesis that inhibitory control of the dopamine 
neurons in the ventral tegmental area at the time of the expected reward plays a role in the 
Figure 2.6: Nucleus accumbens is capable of directly and indirectly modulating the 
firing of VTA dopamine neurons. Schematic representation of some of the neural 
pathways through which the nucleus accumbens can influence the activity of VTA 
dopamine neurons. The supporting evidence for each numbered connection is cited as 
follows: 1. Tan et al. (2012), Bocklisch et al. (2013), Eshel et al. (2015), Tian et al. (2016), 
Edwards et al. (2017); 2. Watabe-Uchida et al. (2012), Tian et al. (2016); 3. Groenewegen 
et al. (1993), Geisler and Zahm (2005), Watabe-Uchida et al. (2012), Hjelmstad et al. 
(2013), Tian et al. (2016); 4. Watabe-Uchida et al. (2012), Tian et al. (2016); 5. Geisler 
and Zahm (2005), Zahm et al. (2011), Watabe-Uchida et al. (2012); 6. Deniau et al. 
(1982), Geisler and Zahm (2005), Watabe-Uchida et al. (2012); 7. Jhou et al. (2009), 
Goncalves et al. (2012), Barrot et al. (2012); 8. Nieh et al. (2016), Tyree et al. (2017); 9. 
Xia et al. (2011); 10. Mogenson et al. (1983), Kirouac and Ganguly (1995); 11. Heimer et 
al. (1991), Usuda et al. (1998); 12. Ito et al. (1974), Russchen et al. (1985), Salgado and 
Kaplitt (2015); 13. Heimer et al. (1991), Groenewegen  et al. (1999); 14. Nauta et al. 
(1978), Salgado and Kaplitt (2015); 15. Jhou et al. (2009), Goncalves et al. (2012), Barrot 
et al. (2012). 
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reduction in dopamine response to the reward when it is expected, and is therefore necessary 
for the expression of the Kamin blocking effect. The review further identified the nucleus 
accumbens output as a likely orchestrator of the timed inhibitory control of the dopamine 
neurons. This inhibitory control needs to be acquired during the process of classical 
conditioning. Dopamine mediated synaptic plasticity in the nucleus accumbens was identified 
as a strong candidate as the underlying process. Therefore, the aim of the thesis research is to 
answer three specific questions (as stated in section 1.3):  
i) Does blocking inhibition in the ventral tegmental area during the compound cue 
conditioning phase of the Kamin blocking paradigm disrupt the Kamin blocking 
effect? 
ii) During compound cue conditioning, does inactivating the nucleus accumbens, 
thus disrupting the output from this region during this phase, disrupt the Kamin 
blocking effect? 
iii) During single cue conditioning, does inactivating the nucleus accumbens, thus 
disrupting learning in this region during this phase, disrupt the Kamin blocking 
effect?  
These questions are addressed in the experiments reported in chapter 3. 
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2. The Role of Ventral Tegmental Area Inhibitory 
Inputs and the Nucleus Accumbens in the Kamin 
Blocking Effect 
 
3.1 Introduction 
As outlined in the previous two chapters, this thesis is concerned with answering three 
specific questions: 
i) Does blocking inhibition in the ventral tegmental area during the compound cue 
conditioning phase (phase 2) of the Kamin blocking paradigm (Fig. 2.1) disrupt 
the Kamin blocking effect? 
ii) Does inactivating the nucleus accumbens, thus disrupting the output from this 
region, during the compound cue conditioning phase disrupt the Kamin blocking 
effect? 
iii) Does inactivating the nucleus accumbens during the single sue conditioning phase 
(phase 1), thus disrupting learning in this region, disrupt the Kamin blocking 
effect?  
Towards answering the first question, bicuculline, a GABAA receptor antagonist, was 
injected bilaterally into the ventral tegmental area before each compound cue conditioning 
session. This blocks GABAA receptor mediated inhibition on all neurons in the ventral 
tegmental area, including the dopamine neurons.  
Towards answering the second and third questions, a designer receptor (see section 3.2.8 for 
details) was expressed, bilaterally, on the neurons in the nucleus accumbens. The activation 
of this designer receptor hyperpolarizes the neuron expressing the receptor, thus attenuating 
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neural activity. This receptor, once expressed in the nucleus accumbens, was activated during 
either phase 2 (question ii) or phase 1 (question iii) of the Kamin blocking paradigm.  
The use of a designer receptor over direct microinjections of chemicals that inhibit neuronal 
firing has many advantages. First, the designer receptor can be activated by systemic 
injections of the activating drug and does not require the chronic implants necessary for 
microinjections into the brain. Second, systemic i.p. injections are less stressful for the 
animals as compared to microinjections. Third, the spread in the expression of the designer 
receptor, and thus the volume of the brain affected, can be verified during histology. In the 
case of microinjections using guide cannulae, it is generally not possible to verify the volume 
of spread of the microinjected drug - only the final placement of the guide cannula can be 
verified during histology. 
 
3.2 Methods 
All experimental procedures involving animals were approved by the Committee for Care 
and Use of Animals at Okinawa Institute of Science and Technology. 
3.2.1 Subjects 
Male Long-Evans rats (Charles River Laboratories) aged 7-8 weeks on arrival were provided 
food and water ad libitum and placed on a 12h light/dark schedule until 5 days before 
behavioral experiments. They were then food restricted to approximately 85% of their 
average body weight before the start of habituation, and maintained at this weight throughout 
the behavioral experiments. 
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3.2.2 Surgical Procedures 
Rats were aged between 9-11 weeks at the time of surgery. Rats used in experiment 1 
received bilateral chronic implants of guide cannulae (0.46 mm O.D., Plastics One) targeted 
1mm above the VTA (DV 7.0, AP 5.4-6.0, ML 1.0). These coordinates targeted the 
posteromedial and posterolateral VTA because they have a high density of dopamine neurons 
and project to the nucleus accumbens (Ikemoto, 2007; Breton et al., 2019). Further Rats used 
in experiment 2 and 3 received bilateral microinjections of AAV2-hSyn-hM4Di(Gi)-mCherry 
(Addgene) or saline into the NAc (DV 7.0, AP 2.0, ML 1.0). Such a medial placement in the 
NAc was selected because posteromedial and posterolateral VTA dopaminergic neurons 
project to the medial NAc (Ikemoto, 2007; Breton et al., 2019) and the medial NAc exerts 
direct inhibitory control over VTA dopaminergic neurons (Yang et al., 2018).    
3.2.3 Behavioral Apparatus 
Operant chambers equipped with two levers, a food magazine, a house light, a pure tone 
generator (4.5 KHz) and a white noise generator (Med Associates) were used for all 
behavioral experiments. The two levers and the food magazine were located on the same wall 
of the operant chamber, with one lever on either side of the food magazine. The two sound 
generators were placed on the wall opposite to the food magazine.  
3.2.4 Free exploration of the operant chamber 
To familiarize rats to the experimental chambers, rats were allowed to freely explore the 
behavioral chambers after recover from surgery. This recovery period was 10 days in 
experiment 1. In experiments 2 and 3, a minimum of 21 days were allowed for recovery to 
allow for robust viral expression. Rats were familiarized with experimental chamber by 
placing them in the chamber for 30 minutes on two consecutive days. Prior reports suggest 
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that such exposure is sufficient for familiarization to 
the experimental chamber (Bronstein et al., 1974).  
3.2.5 Magazine Training  
After free exploration, all rats had three sessions of 
magazine training over three days. Each session 
consisted of 25 deliveries of food reward (one 
sucrose pellet, 45mg) into the food magazine. The 
food deliveries were separated by a 60-80s variable 
interval (uniform random distribution).  
3.2.6 The Kamin Blocking Procedure 
Rats that collected all the 25 food pellets on the last 
day of magazine training progressed to the Kamin 
blocking procedure (Fig. 3.1), which consisted of 
three phases – single cue conditioning phase, 
followed by compound cue conditioning phase, and 
finally an extinction test.  
Phase 1 consisted of 12 single cue conditioning 
sessions over 12 days. Cues consisted of extension 
of either the left of right lever for 5 seconds. One 
lever (L1, Fig. 3.1) was paired with food reward 
which was delivered to the food tray immediately 
after lever retraction. The other lever (L2, Fig. 3.1) 
was not rewarded. Each session consisted of 50 
presentations of each lever cue. The inter-cue 
Figure 3.1: A schematic of the 
Kamin blocking experimental 
design. Phase 1 is a single cue 
conditioning phase, in which only 
one of the cues (L1 or L2) is 
followed by reward. Phase 2 is a 
compound cue conditioning phase, 
in which compound cues (L1+S1 or 
L2+S2) are presented, and both 
compound cues are followed by 
reward. Phase 3 is an extinction test 
in which only the cues added in 
phase 2 (S1 and S2) are presented 
and no rewards are given. 
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interval ranged from 15-75s. Left and right levers were counterbalanced. The percentage of 
trials with a lever press response to the lever cues was used as the measure of conditioned 
responding (Davey et al., 1981; Day et al., 2007).  
Phase 2 of the procedure consisted of 6 compound cue conditioning sessions over 6 days. In 
each session two compound cues were presented 25 times each. The presentation of each 
compound cue was separated by a 35-75s variable interval. One of the compound cues 
consisted of one of the lever cues used in phase 1 plus a pure tone (4.5 KHz, 5s). The other 
compound cue consisted of the other lever cue plus a white noise (5s). Food reward 
immediately followed the termination of each compound cue and was the same as that used 
in phase 1.  
Phase 3 of the Kamin blocking procedure consisted of a single extinction session in which the 
development of a conditioned response (due to learning in phase 2) to separated presentations 
of the two sound cues was tested. This session consisted of 25 presentations of each of the 5s 
sound cues. The presentation of each sound cue was separated by a 35-75s variable interval. 
No lever cues were presented and no rewards were delivered during this session. The total 
duration of nose poking into the food magazine during the 5s presentation of the sound cues 
was used as the measure for conditioned responding. Nose poke duration during the 5s period 
immediately preceding each cue was used as the baseline response for that cue.  
Note that the intervals between cue presentations were different in phase 1 than in phases 2 
and 3 because the inter-cue intervals were adjusted across phases to keep the session duration 
the same across phases. 
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3.2.7 Allocating animals to experimental groups 
Each experiment involved a control group and an experimental group. In experiments 1 and 
2, the experimental manipulation occurred in phase 2. Therefore, rats were divided into 
control and experimental groups by matching performance on the lever press measure in the 
two groups. This was done by separating rats at the end of phase 1 into two groups – ones 
that showed a robust lever press conditioned response to the paired lever, and ones that did 
not show a lever pressing conditioned response to the paired lever. Then, equal numbers of 
rats from each of these two groups were randomly assigned to the control and experimental 
groups. Therefore, both the control and experimental groups contained an equal number of 
rats that showed the lever press conditioned response and an equal number of rats that did not 
show the lever press conditioned response. In experiment two, this control group was further 
divided into two groups (as two groups of controls were needed), putting half the animals that 
lever pressed in one of the control groups, and the other half in the other control group. In 
experiment 3, the experimental manipulation took place in phase 1. Therefore, no 
performance matching could be done and rats were randomly assigned to the experimental 
group or one of the two control groups after the magazine training sessions ended.  
3.2.8 Experimental manipulations  
3.2.8.1 Bicuculline microinjections into the ventral tegmental area - Experiment 1  
Bicuculline was used to block the inhibitory inputs to the VTA neurons. Bicuculline solution 
was prepared by dissolving bicuculline methiodide (Tocris) in saline. Either 200nl of 1mM 
bicuculline solution or 200nl of saline solution was bilaterally injected into the VTA 10 
minutes before the start of each of the six compound cue conditioning sessions (Celada et al., 
1999). For the purpose of microinjections, an injection cannula protruding 1mm further than 
the guide cannula was inserted into the guide cannula and attached to a 10µl syringe 
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(Hamilton). The syringe was placed in a KDS 101 syringe pump (KDS Scientific) and the 
solution was infused into the VTA over 2.5 min. The injection cannula was left inside the 
brain for 2 minutes after infusion to allow diffusion to occur and was then manually retracted.  
3.2.8.2 Viral microinjections into the nucleus accumbens during surgery – experiments 2 and 
3 
To express the hM4Di receptor on accumbens neurons in experiments 2 and 3, AAV2-hSyn-
hM4Di(Gi)-mCherry (Addgene) was injected bilaterally into the NAc, 300nl per hemisphere. 
Activation of the hM4Di receptor inhibits neural activity via two mechanisms. One is via the 
activation of G-protein inward rectifying potassium (GIRK) channels, hyperpolarizing the 
neuron and attenuating neuronal activity (Armbruster et al., 2007; Zhu & Roth, 2014; Vardy 
et al., 2015). Another is via inhibition of axonal release of neurotransmitters (Stachniak et al., 
2014; Vardy et al., 2015; Roth, 2016). The hM4Di receptor was activated by subthreshold 
doses of clozapine (Hand et al., 1987; Melis et al., 1999; Gomez et al., 2017).  
The hM4Di designer receptor was initially designed to be activated by the inert ligand 
clozapine-N-oxide (CNO) (Armbruster et al., 2007). However, recently it has been shown 
that CNO gets reverse metabolized into clozapine (Gomez et al., 2017; Manvich et al., 2018), 
which is a psychoactive drug (Hand et al., 1987; Melis et al., 1999; Schwieler & Erhardt, 
2003). CNO doses necessary to activate the hM4Di designer receptor result in cerebrospinal 
fluid (CSF) clozapine concentrations high enough to activate several of its natural target 
receptors, as well as the hM4Di designer receptors (Raper et al., 2017). Gomez et al., (2017) 
also found that extremely low doses of clozapine, at which clozapine does not activate its 
natural target receptors in the brain (Hand et al., 1987; Melis et al., 1999), are sufficient to 
activate the hM4Di designer receptor. Given the activation of the h4MDi receptor by 
converted clozapine when CNO is injected systemically, the high concentrations of clozapine 
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in the CSF after CNO injections, and the subthreshold nature of the clozapine doses 
necessary to activate the hM4Di receptor, Gomez et al., (2017) concluded that DREADDs 
should be activated using subthreshold doses of clozapine rather than by CNO. Thus, in 
experiments 2 and 3, subthreshold doses of clozapine were used to activate the hM4Di 
designer receptors.  
3.2.8.3 Clozapine intraperitoneal injections - Experiments 2 and 3 
Either clozapine solution (0.1mg/kg) or 0.45ml vehicle was injected intraperitoneally 25-
35mins before the start of each conditioning session during experiments 2 and 3 as indicated 
in figures 3.6A and 3.8A. For preparing the clozapine solution, clozapine (Sigma-Aldrich) 
was dissolved in DMSO (Tocris) and then diluted in saline to form a 1mg/ml clozapine 
solution (0.5%DMSO). The vehicle control solution was 0.5% DMSO in saline.     
3.2.9 Histology 
Histological protocols were as previously described (Aoki et al., 2015; Liu et al., 2017; Aoki 
et al., 2018). Brains were removed for histological verification of injection sites and viral 
expression after induction of anesthesia (sodium pentobarbital or isoflurane) and perfusion 
with 4% paraformaldehyde (PFA, 100 mM in sodium phosphate buffer, pH 7.4). The 
extracted brains were post-fixed in PFA at 4oC for at least 3 days. Subsequently, the brains 
were gelatin embedded and then cut in 80µm coronal sections for verification of injection 
sites in the VTA. Coronal sections of 60µm thickness were cut for the verification of viral 
expression in the NAc. Sections were cut using a vibratome (VT1000S, Leica).  
The injection sites in the VTA were determined by immuno-histochemical staining for 
tyrosine hydroxylase (TH). The extent of viral expression was determined by immuno-
histochemical staining for mCherry. A metal enhanced 3,3’-dia-minobenzidine-
tetrahydrochloride method (DAB) was used to visualize all immuno-histochemical staining. 
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All sections were first treated with 3% H2O2 (Wako) for 30 min and then blocked with 5% 
goat serum and 0.2% Triton X-100 (Bio-Rad) in PBS for one hour. To visualize injection 
sites in the VTA, the 80µm sections were then incubated in an anti-TH primary antibody 
(1:1000, rabbit anti-TH, Enzo Life Sciences). To visualize the expression of hM4Di on the 
neurons in the NAc, the 60µm sections were incubated in an anti-mCherry primary antibody 
(1:500, rabbit anti-mCherry, Abcam). Primary antibody incubation was carried out in 2% 
goat serum and 0.2% Triton-X 100 in PBS for 48h at 4oC. This was followed by incubation in 
a biotinylated secondary antibody (1:500, Biotin conjugated Goat anti-rabbit IgG, Thermo 
Fisher). Secondary antibody incubation was carried out in 2% goat serum and 0.2% Triton-X 
100 in PBS for 3h at 25oC. Then all sections were incubated with streptavidin-conjugated 
horseradish peroxidase (Standard ABC Peroxidase Kit, Vector Laboratories) in 0.2% Tween-
20 and PBS for one hour at 25°C and then visualized using DAB (Thermo Fisher). DAB-
stained sections were dry mounted on frosted glass slides (Matsunami Glass) and then 
counterstained with 0.02% thionin (Alfa Aesar) for 2 minutes, run through an ethanol 
dehydration series and cover-slipped with Entellan mounting medium (Merck). 
3.2.10 Inclusion criteria  
Two inclusion criteria were applied. One was behavioral and the other was anatomical. The 
behavioral inclusion criteria were applied first. The anatomical inclusion criterion was 
applied on those rats that passed the behavioral inclusion criteria. 
Behavioral inclusion criteria: Only those rats that developed a conditioned response to the 
paired lever during phase 1 were included for data analysis. Further, only those rats that did 
not develop a conditioned response to the unpaired lever were included. Three quantitative 
criteria were set to assess the development of the conditioned response to the levers. For 
inclusion on the basis of behavior during phase 1, the rat had to pass any one of the three 
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criteria for its response to the paired lever, and fail all three criteria for its response to the 
unpaired lever. The percentage of trials with a lever press response was used as the measure 
for responding to the levers. The following are the three quantitative criteria: 
1.1) Above 40% response on the paired lever on one of the last three sessions. 
1.2) Above 30% response on the paired lever on two of the last six sessions 
1.3) Above 20% response on the paired lever on three of the last six sessions  
Anatomical inclusion criterion: The rats that passed the behavioral inclusion criteria then had 
to pass the anatomical inclusion criterion. For experiment 1, the injection sites in both the 
hemispheres had to be in the dopamine neuron containing region of the ventral tegmental area 
for inclusion. Injection sites in the ventral tegmental area were verified using anti-tyrosine 
hydroxylase immunostaining. For experiments 2 and 3, hM4Di expression had to be 
restricted to the extent of the nucleus accumbens for inclusion. Expression of hM4Di was 
verified by immunostaining for mCherry.  
In experiment 1, a total of 41 rats were used. Out of the 41, only 20 rats met the inclusion 
criteria. Two rats died before completing phase 2 and the brain of one rat was not perfused 
properly due to technical problems during perfusion. One of the rats took 2-3 hours to 
complete compound cue conditioning sessions on 3 out of 6 occasions. These four rats were 
excluded from data analysis. Ten rats did not meet the behavioral inclusion criteria and were 
thus excluded from data analysis (Fig. 3.2A, B). Seven rats did not meet the anatomical 
inclusion criteria for experiment 1 and were thus excluded from data analysis.  
In experiment 2, a total of 44 rats were used. Out of the 44, only 19 rats met the inclusion 
criteria. Eighteen rats did not meet the behavioral inclusion criteria and were thus excluded 
from data analysis (Fig. 3.2C, D). Seven rats did not meet the anatomical inclusion criteria 
for experiment 2 and were thus excluded from data analysis. 
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In experiment 3, a total of 54 rats were used. Out of the 54, only 18 rats met the inclusion 
criteria. One rat died before completing phase 2 and the brain of one rat was not perfused 
Figure 3.2: Lever press responses averaged across sessions 7-12. Animals that were 
included in the data analysis for experiments 1 (A, B), 2 (C, D) and 3 (E, F) (grey bars) 
and animals that were excluded on the basis of behavior (red bars) are shown. Rats 
common to experiments 2 and 3 are shown only in the experiment 2 data (C, D). Lever 
press responses to L1 (A, C, E) were above the dotted line and lever press responses to L2 
(B, D, F) were below the dotted line in all animals that passed the behavioral inclusion 
criteria. 
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properly due to problems during perfusion. These two rats were excluded from the data 
analysis. Another 28 rats (19 from the control groups and 9 from the experimental group) did 
not meet the behavioral inclusion criteria and were thus excluded from data analysis (Fig. 
3.2E, F). Six rats did not meet the anatomical inclusion criteria for experiment 3 and were 
thus excluded from data analysis.  
Note: Experiments 2 and 3 were run concurrently, and 12 rats were common to experiments 
2 and 3, constituting the control group for hM4Di expression. Out of these 12 rats, only 5 
rats met the inclusion criteria.  
3.2.11 Statistical analysis 
Experiment 1 had 9 control and 11 experimental rats. Experiments 2 and 3 had two control 
groups each. The two control groups in each of experiments 2 and 3 did not show a difference 
in performance in phase 3 of the Kamin blocking procedure, and were thus combined for the 
purpose of statistical testing. This meant that each experiment had only one control group and 
one experimental group during statistical testing. Experiment 2 had 12 control and 7 
experimental rats. Experiment 3 had 10 control and 8 experimental rats. The statistical 
analysis justifying the amalgamation of the two control groups in experiments 2 and 3 is as 
follows. 
In experiment 2, there was no significant difference between the two control groups in their 
lever press responses to L1 (F=0.956; p=0.351) or L2 (F=0.003; p=0.961) during phase 1. 
There was a significant difference between L1 and L2 directed lever press response in both 
the control groups (F=36.103, p<0.001; F=31.055, p<0.001) during phase 1. In addition, there 
was no significant difference between the two control groups in their nose poke responses to 
S1 and S2, and in their nose poking during the 5s immediately preceding S1 and S2 during 
phase 3 (closest F=1.139; p=0.311). There was no significant difference between the two 
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control groups in their normalized responses to S1 (F=1.119; p=0.315) and S2 (F=1.593; 
p=0.236) during phase 3. These analyses showed that the two control groups in experiment 2 
did not differ. Thus, they were combined to form one control group.  
In experiment 3, there was no significant difference between the two control groups in their 
lever press responses to L1 (F=0.124; p=0.734) or L2 (F=1.795; p=0.217) during phase 1. 
There was a significant difference between L1 and L2 directed lever press response in both 
the control groups (F=47.410, p<0.001; F=33.852, p<0.001) during phase 1. In addition, there 
was no significant difference between the two control groups in their responses to S1 and S2, 
and to the baselines of S1 and S2 during phase 3 (closest F=1.793; p=0.217). There was no 
significant difference between the two control groups in their normalized responses to S1 
(F=0.574; p=0.470) and S2 (F=2.638; p=0.143) during phase 3. These analyses showed that 
the two control groups in experiment 3 did not differ. Thus, they were combined to form one 
control group.  
To verify the development of a conditioned response to the paired lever cue during phase 1, a 
three way mixed ANOVA (Greenhouse-Geisser correction) was conducted on the lever press 
response measure, with session and cue as within subject factors, and group as the between 
subject factor. This was followed by an analysis of simple main effects to compare the   
difference in responding to the two lever cues within each group (L1 vs L2 in both the control 
and experimental groups), and to compare the differences between the two groups in their 
response to each of the lever cues (control vs experimental for both L1 and L2). Bonferroni 
adjustment was used to control for multiple comparisons. Statistical tests were considered 
significant if the probability of finding a false positive (type I error) was below 0.05 (alpha < 
0.05). 
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To verify conditioned responding to the sound cues in phase 3 (extinction test) of the Kamin 
blocking procedure, the average duration of nose poking during each of the sound cues 
(averaged over all 25 trials) was compared to the average baseline response preceding that 
cue. A two way mixed ANOVA was conducted on the average nose poke duration measure, 
with cue as the within subject factor and group as the between subject factor. This was 
followed by an analysis of simple main effects (Bonferroni) to compare the difference in 
responding to the sound cues with their respective baselines within each group (S1 vs 
baseline_S1 and S2 vs baseline_S2 in both the control and experimental groups).  
Then, the response to each cue was normalized to each cue’s baseline response according to 
equation 1, in order to compare inter-cue and inter-subject responding.  
Relative Response Index = √  [  
∑
Cuei
Cuei 
+ Baselinei
𝑛
𝑖
𝑛
  ]. [ 
∑ Cuei
𝑛
𝑖
∑ Cuei
𝑛
𝑖  + ∑ Baselinei
𝑛
𝑖  
 ]           (1) 
i  Trial number; n  Total number of trials 
 
The relative response index is the square root of the product of two different normalized 
measures of the nose poke response. The first measure is the relative nose poke response 
index, and is the nose poke duration during the cue divided by the sum of the nose poke 
duration during the cue and the 5s preceding the cue for each trial, averaged across trials. 
This sets a maximum on the contribution that performance on any one trial can have on the 
overall relative nose poke response index measure at 1/n. Thus, the first measure reflects the 
consistency of nose poke performance across trials, and ensures that no single trial can skew 
this measure drastically. However, because the relative nose poke response index sets a 
maximum on single trial contribution, it cannot capture the vigor of the nose poke response. 
For example, if on a particular trial the baseline response is zero, then it does not differentiate 
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between a 100ms nose poke response and a 5s nose poke response during the cue, and both 
these response durations during the cue contribute 1/n to the first measure. The second 
measure is the relative response vigor index, and is the sum of the nose poke duration during 
all the cue presentations during a session divided by the sum of nose poke duration during all 
the cue presentations and the 5s periods preceding the cue presentations. This measure, also 
called the elevation ratio (Blaisdell et al., 2009), captures the vigor of the nose poke response 
but also allows single trial performance to skew the measure. For example, if the rat does not 
nose poke during the 5s period preceding the cue on any of the cue presentations, and only 
nose pokes during cue presentation on one of the trials, then this measure will give a read out 
of 1, which is the maximum this measure can be. In this study, the two measures were 
combined to form the relative response index to take into account both response vigor and the 
consistency of response across trials, and to dilute the effects of single trial performance on 
the final measure.  
A two way mixed ANOVA was conducted on the relative response index (see equation 1), 
with cue as the within subject factor and group as the between subject factor. This was 
followed by an analysis of simple main effects (Bonferroni adjustment) to compare the 
difference in responding to the two sound cues within each group (S1 vs S2 in both the 
control and experimental groups) and the difference between the groups in their response to 
each cue (control vs experimental for both S1 and S2).   
To analyze responding to the compound cues during phase 2 of the Kamin blocking 
paradigm, two 3-way mixed ANOVAs were conducted, one on the lever press measure, and 
the other on the relative response index. Cue and session were the within subject factors and 
group was the between subject factor. This was followed by an analysis of simple main 
effects (Bonferroni adjustment) to compare differences in responding to the two compound 
The Role of Ventral Tegmental Area Inhibitory Inputs and the Nucleus Accumbens in the Kamin Blocking 
Effect  45 
 
cues within each group, and the difference between the groups in their response to each cue 
(control vs experimental for both L1+S1 and L2+S2).   
For all statistical testing, alpha < 0.05 was used to determine significance. Bonferroni 
adjustment was used to control for multiple comparisons during the analysis of simple main 
effects.   
 
3.3 Results 
3.3.1 Blocking GABAA receptors in the ventral tegmental area attenuates the Kamin blocking 
effect 
To test the role of inhibition of VTA neurons in Kamin blocking, injections of the GABAA 
receptor antagonist, bicuculline, were made into the VTA bilaterally (Fig. 3.3) before each 
compound cue conditioning session. A total of 11 bicuculline-injected and 9 saline-injected 
rats met the criteria for inclusion (see Methods). During phase 1 of the Kamin blocking 
paradigm (Fig 3.4A), both the experimental and control rats gradually developed a lever 
pressing conditioned response to the presentation of the lever cue paired with the food reward 
(Fig. 3.4B). Neither group developed a conditioned response to the presentation of the 
unpaired lever (Fig. 3.4B). A three way mixed ANOVA showed a significant main effect of 
lever cue (F=162.102; p<0.001; Greenhouse-Geisser) and a significant interaction between 
cue and session (F=10.691; p<0.001; Greenhouse-Geisser). No other main effect or 
interaction was significant (interaction between cue and group came closest with F=3.982; 
p=0.061). A simple main effects comparison using the Bonferroni adjustment showed a 
significant effect of the lever cue in both the control (F=52.395; p<0.001) and the 
experimental groups (F=120.500; p<0.001). There was no significant difference between the 
two groups in their responses to the paired lever (F=1.823; p=0.194) or the unpaired lever 
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(F=0.867; p=0.364). These results show that both control and experimental groups acquired 
discriminative conditioned responding to the lever paired with food reward, and there was no 
significant difference between the groups. 
 
Figure 3.3: Histological verification of injection sites in the VTA. (A-B) Representative 
examples of anti-TH immunostaining in the experimental (A) and control (B) groups, 
verifying the position of the injection cannulae. (C-D) Histologically verified injection sites 
(rectangles) of the 11 experimental (C) and 9 control (D) rats. Injection site for each rat is 
shown in a different color. The numbers indicate AP distance of the corresponding section 
from Bregma (Adapted from Paxinos and Watson (1998)). Shaded regions indicate the VTA. 
 
A 
500µm 500µm 
B 
C 
-5.40mm 
-5.60mm 
-5.80mm 
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D 
-5.40mm 
-5.60mm 
-5.80mm 
-6.04mm 
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Figure 3.4: Blocking inhibitory inputs to the VTA in phase 2 attenuates the Kamin 
blocking effect. (A) Schematic of the experimental design (see methods). Phase 1 is a 
single cue conditioning phase, in which only one of the cues (L1 or L2) is followed by 
reward. Phase 2 is a compound cue conditioning phase, in which compound cues (L1+S1 
or L2+S2) are presented, and both compound cues are followed by reward. Phase 3 is an 
extinction test in which only the cues added in phase 2 (S1 and S2) are presented and no 
rewards are given. After phase 1, rats were divided into control and experimental groups.  
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Figure 3.4 contd… 
Before each session of phase 2, the control group received bilateral microinjections of 
saline and the experimental group received microinjections of bicuculline into the VTA. 
(B) Lever press responses of the control and experimental groups during phase 1. (C) 
Nose poke responses to the sound cues in phase 3. Baseline response is measured during 
the 5s immediately preceding the respective sound cue. Cue response is measured during 
the cue, which lasts for 5s. (D) Responses to the sound cues normalized (equation 1) to 
their respective baseline. Data are presented as mean ± SEM.      
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To test whether prior conditioning of the paired lever cue blocks the acquisition of a 
conditioned response to added cues, both the experimental and the control group then 
underwent compound cue conditioning (phase 2). In this phase, a sound cue (S1 or S2) was 
added to each of the lever cues (Fig. 3.4A), and both the compound cues (L1 + S1 and L2 + 
S2) were followed by food reward. Before each session of compound cue conditioning, the 
experimental group was injected with bicuculline, and control with vehicle, bilaterally into 
the VTA. Then, their response to the separate presentations of the sound cues alone was 
tested in extinction (phase 3). During the extinction test, the controls increased their nose 
poke response from baseline only during S2 (t=3.294; p=0.024; two way mixed ANOVA – 
simple main effects – Bonferroni), which is the sound cue that was given as a compound 
along with the unpaired lever in phase 2 (Fig. 3.4C). The controls did not increase their nose 
poke response during S1 (t=1.457; p=0.971) (Fig. 3.4C). Thus, the controls showed 
conditioned responding to S2 but not to S1, showing they expressed Kamin blocking. In 
contrast, the experimental group responded to both S1 (t=4.728; p=0.001) and S2 (t=3.5; 
p=0.015) (Fig. 3.4C). However, even though the experimental group responded to both S1 
and S2 during the extinction test, this is not sufficient to conclude that Kamin blocking has 
not occurred, because there could be a significant difference between their responses to S1 
and S2.   
To compare conditioned responding to S1 and S2, the responses to the sound cues were 
normalized (equation 1) to their respective baselines (Fig. 3.4D). In agreement with the 
foregoing analysis of raw nose poke data, the controls responded significantly more to S2 
than to S1 (F=5.045; p=0.037; two way mixed ANOVA – simple main effects - Bonferroni). 
This confirms, as above, that the controls expressed the Kamin blocking effect. However, the 
experimental group did not show a significant difference in their response to S1 and S2 
(F=0.125; p=0.728) during phase 3 (Fig. 3.4D). This means that the experimental group did   
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not express the Kamin blocking. The experimental group also responded significantly more 
to S1 than the control group (F=8.326; p=0.010). There was no difference in the responses of 
the two groups to S2 (F=0.001; p=0.979). This means that blocking the GABAA receptors in 
VTA during phase 2 had the specific effect of increasing the conditioned responding to S1 in 
phase 3.  These results show that blocking GABAA receptor mediated inhibition in the VTA 
during compound cue conditioning attenuates the Kamin blocking effect.   
It is important to note here that the pattern of responding to S1 and S2 in the control and the 
experimental groups observed in phase 3 could occur either due to differences in nose poke 
response during S1 and S2 or due to differences in nose poking during the baseline period of 
S1 and S2. The baseline period is the 5s immediately preceding the presentation of a sound 
cue. Nose poke duration in the 5s immediately preceding S1 was not significantly different 
from nose poking during the 5s immediately preceding S2 in the control (t=0.754; p=1.000) 
and experimental groups (t=0.645; p=1.000). There was also no significant difference 
between the two groups in their nose poke duration in the 5s before S1 (t=2.000; p=0.062) or 
S2 (t=0.368; p=0.716). These results show that the pattern of conditioned responding to S1 
and S2 observed in phase 3 in the two groups is not due to differences in baseline nose 
poking. 
 
3.3.2 Inactivating the nucleus accumbens during the compound cue conditioning phase 
attenuates the Kamin blocking effect 
One of the major sources of inhibitory input to the VTA is the nucleus accumbens.  
To test the role of the nucleus accumbens in Kamin blocking, an inhibitory designer receptor 
exclusively activated by designer drugs (Gi DREADD) was used. This approach had the 
advantage of enabling the anatomical extent of the drug action to be determined. To express 
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the DREADD, viral AAV2-hSyn-hM4Di(Gi)-mCherry was bilaterally injected into the NAc 
during surgery, three weeks before behavioral testing. Figure 3.5 shows a representative 
example of the expression of the virus, verified by immunostaining, and summarizes the 
extent of viral expression in each animal. The virus was expressed in both the shell and core 
regions of the NAc.  
To inactivate the neurons expressing the DREADD during compound cue conditioning 
(phase 2), i.p. injections of clozapine were administered to rats in the experimental group 
before each session in phase 2. Two controls were used. One control group was injected with 
saline without virus in the nucleus accumbens, and given i.p. clozapine injections during 
phase 2. Another control group was injected with the virus in the nucleus accumbens, and 
given vehicle i.p. injections during phase 2. A total of 12 control and 7 experimental rats met 
criteria for inclusion (see methods). Figure 3.6A shows the experimental design. For data 
analysis, the two control groups were combined. 
Both the experimental and the combined control group gradually developed a lever pressing 
conditioned response to the presentation of the lever paired with the food reward (Fig. 3.6B). 
Neither group developed a conditioned response to the presentation of the unpaired lever 
during phase 1 (Fig. 3.6B). A three way mixed ANOVA using Greenhouse-Geisser 
adjustment showed a significant effect of lever cue (F=115.140; p<0.001) and a significant   
interaction between cue and session (F=9.364; p<0.001). No other main effect or interaction 
was significant (interaction between cue and group came closest with F=0.435; p=0.518). A 
simple main effects comparison using the Bonferroni adjustment showed a significant effect 
of the lever cue in both the control (F=88.029; p<0.001) and the experimental groups 
(F=40.147; p<0.001). There was no significant difference between the two groups in their 
responses to the paired lever (F=0.053; p=0.821) or the unpaired lever (F=0.312; p=0.584).  
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Figure 3.5: Histological verification of viral expression in the NAc. (A) 
Representative examples of anti-mCherry immunostaining in the control (A) and 
experimental (B) groups, verifying the expression of the injected virus. (C-D) 
Histologically verified viral expression in 5 control (C) and 7 experimental (D) rats. 
Viral expression for each rat is shown in a different color. The numbers indicate AP 
distance of the corresponding section from Bregma (Adapted from Paxinos and Watson 
(1998)).  
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These results show that both experimental and control rats acquired discriminative 
conditioned responding to the lever paired with food reward, and there was no significant 
difference between the two groups. 
To test the role of the output of the nucleus accumbens in Kamin blocking, the experimental 
group was then intraperitoneally injected with clozapine, and the two control groups with 
vehicle and clozapine respectively, before each compound cue conditioning session (phase 
2). Then, their response to the presentation of the sound cues alone was tested in extinction 
(phase 3). During the extinction test, the controls significantly increased their nose poke 
response above the baseline response only during S2 (t=5.517; p<0.001; two way mixed 
ANOVA – simple main effects – Bonferroni), which is the sound cue that was given as a 
compound along with the unpaired lever in phase 2 (Fig. 3.6C). The controls did not increase 
their nose poke response during S1 (t=1.382; p=1.000) (Fig. 3.6C). Thus, the controls showed 
conditioned responding to S2 but not to S1, showing that they expressed the Kamin blocking 
effect. The experimental group increased their nose poke response during both S1 (t=4.017; 
p=0.005) and S2 (t=3.005; p=0.047) (Fig. 3.6C), suggesting that the Kamin blocking effect 
was attenuated in this group.  
To directly compare conditioned responding to S1 and S2, the responses to the sound cues 
were normalized (equation 1) to their respective baselines (Fig. 3.6D). In agreement with the 
foregoing analysis of raw nose poke data, the controls responded significantly more to S2 
than to S1 (Fig. 3.6D).  A two way mixed ANOVA showed a significant main effect of cue 
(F=6.35; p=0.022) and a significant interaction between cue and group (F=5.019; p=0.039). A 
simple main effects comparison using the Bonferroni adjustment showed that the controls 
responded significantly more to S2 than to S1 (F=15.376; p=0.001). This confirms that the 
controls expressed the Kamin blocking effect. In contrast, the experimental group did not 
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Figure 3.6: Inactivating NAc during phase 2 attenuates the Kamin blocking effect. (A) 
Schematic of the experimental design (See also legend of Fig. 3.4 and methods). (B) 
Lever press responses of the control and experimental groups during phase 1. (C) Nose 
poke responses to the sound cues in phase 3. Baseline response is measured during the 5s 
immediately preceding the respective sound cue. Cue response is measured during the cue, 
which lasts for 5s. (D) Responses to the sound cues normalized (equation 1) to their 
respective baseline. Data are presented as mean ± SEM.     
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show a significant difference in their response to S1 and S2 (F=0.031; p=0.862) during phase 
3 (Fig. 3.6D). This means that the experimental group did not express Kamin blocking. There 
was no significant difference in the responses of the two groups to S1 (F=4.394; p= 0.051) 
and S2 (F=1.419; p=0.250) (Fig. 3.6D). These results show that inactivating the NAc 
neurons, and thereby blocking the output from this region, during the compound cue 
conditioning phase of the Kamin blocking paradigm attenuates the Kamin blocking effect.   
Baseline nose poking during the 5s immediately preceding S1 was significantly different 
from nose poking before S2 in the control group (t=3.627; p=0.012). There was also a 
significant difference in responding during S1 compared to during S2 in the control group 
(t=3.171; p=0.033). Thus, both the difference in baseline nose poking before S1 and S2 and 
the difference in nose poke response during S1 and S2 contributed to the significant 
difference in conditioned responding to S1 and S2 observed in the control group. However, 
these results also show that there was a significant difference in responding to S1 and S2 in 
the control group, which cannot be explained by the difference in baseline nose poking.  
In the experimental group, there was no significant difference in baseline nose poking during 
the 5s immediately preceding S1 and S2 (t=0.662; p=1.000) and no significant difference in 
responding during S1 and S2 (t=0.262; p=1.000). There was also no significant difference 
between the two groups in their baseline response before S1 (t=0.517; p=0.612) or S2 
(t=0.412; p=0.686). These results show that the pattern of conditioned responding to S1 and 
S2 observed in phase 3 in the experimental group is not due to differences in baseline nose 
poking.  
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3.3.3. Inactivating the nucleus accumbens during the single cue conditioning phase (phase 1) 
attenuates the Kamin blocking effect  
The motivation for the choice of neural substrates tested in the previous two experiments was 
their postulated role in the reduction in dopamine response evoked by the reward when the 
reward is expected. This reduction in the dopamine response evoked by the reward when 
preceded by the cue being conditioned occurs gradually over the course of classical 
conditioning. Thus, the control of inhibition in the VTA by the NAc needs to be acquired 
through gradual neuronal learning during the single cue conditioning phase. Given the 
postulated role of dopamine mediated synaptic plasticity in the NAc in reward related 
learning, experiment three aims to test the role of neuronal learning in the NAc during phase 
1 in Kamin blocking.  
Towards this goal, the Gi DREADD expressing virus AAV2-hSyn-hM4Di(Gi)-mCherry was 
bilaterally injected into the NAc during surgery. Figure 3.7A shows a representative example 
of viral expression in one animal, verified by immunostaining for mCherry. Figure 3.7B 
shows the extent of viral expression in each animal of the experimental group. The control 
group for viral injections was the same as in experiment 2 (Fig. 3.5C). The virus was 
expressed in both the shell and core regions of the NAc. To inactivate the neurons expressing 
the DREADD, the DREADD was activated by i.p. injections of clozapine in the experimental 
group before every single-cue conditioning session (phase 1; Fig. 3.8A). One control group 
was injected with saline in the nucleus accumbens and given i.p. clozapine injections before 
each single-cue conditioning session (Fig. 3.8A). Another control group was injected with the 
virus in the nucleus accumbens and given vehicle i.p. injections (Fig. 3.8A). A total of 10 
control and 8 experimental rats met the criteria for inclusion (see methods). For data analysis, 
the two control groups were combined. 
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Figure 3.7: Histological verification of viral expression in the NAc. (A) Representative 
example of anti-mCherry immunostaining in one animal, verifying the expression of the 
injected virus. (B) Viral expression in all 8 animals of the experimental group (control 
group with viral injections was the same as in experiment 2 – see Fig. 3.5C). Each animal 
is represented in a different color. Numbers indicate AP distance of the corresponding 
section from Bregma (Adapted from Paxinos and Watson (1998)). 
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Both the experimental and the combined control group gradually developed a conditioned 
response (lever pressing) to the presentation of the lever paired with the food reward (Fig. 
3.8B). Neither group developed a conditioned response to the presentation of the unpaired 
lever during phase 1 (Fig. 3.8B). A three way mixed ANOVA showed a significant effect of 
lever cue (F=121.403; p<0.001; Greenhouse-Geisser) and a significant interaction between 
cue and session (F=10.859; p<0.001; Greenhouse-Geisser). No other main effect or 
interaction was significant (main effect of group came closest with F=1.994; p=0.177). A 
simple main effects comparison using the Bonferroni adjustment showed a significant effect 
of the lever cue in both the control (F=67.035; p<0.001) and the experimental group 
(F=55.644; p<0.001). There was no significant difference between the two groups in their 
responses to the paired lever (F=0.751; p=0.399) or the unpaired lever (F=1.530; p=0.234). 
These results show that both experimental and control rats acquired discriminative 
conditioned responding to the lever paired with food reward. 
Both the experimental and control groups then underwent compound cue conditioning (phase 
2; Fig. 3.8A). Subsequently, their response to the presentation of the sound cues alone was 
tested in extinction (phase 3). During the extinction test, the controls increased their nose 
poke response from baseline only during S2 (t=4.685; p=0.001; two way mixed ANOVA – 
simple main effects – Bonferroni) (Fig. 3.8C), which is the sound cue that was given as a 
compound along with the unpaired lever in phase 2. The controls did not increase their nose 
poke response during S1 (t=2.207; p=0.257) (Fig. 3.8C). Thus, the controls showed 
conditioned responding to S2 but not to S1, showing that they expressed the Kamin blocking 
effect. The experimental group responded to both S1 (t=3.888; p=0.008) and S2 (t=3.713; 
p=0.011) (Fig. 3.8C), suggesting that the Kamin blocking effect was attenuated in this group.  
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Figure 3.8: Inactivating NAc during phase 1 attenuates the Kamin blocking effect. 
(A) Schematic of the experimental design (See legend of Fig. 3.4. and methods). Animals 
were divided into two control groups and one experimental group before the start of phase 
1. For the purpose of data analysis, the data from the two control groups was combined to 
form one control group. (B) Lever press responses of the control and experimental groups 
during phase 1. (C) Nose poke responses to the sound cues in phase 3. Baseline response 
is measured during the 5s immediately preceding the respective sound cue. Cue response 
is measured during the cue, which lasts for 5s. (D) Responses to the sound cues 
normalized (equation 1) to their respective baseline. Data are presented as mean ± SEM.        
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When the responses to the sound cues were normalized (equation 1) to their respective 
baselines (Fig. 3.8D), the controls responded more to S2 than to S1 (Fig. 3.8D).  A two way 
mixed ANOVA showed a significant main effect of cue (F=8.034; p=0.012) and a significant 
interaction between cue and group (F=5.446; p=0.033). A simple main effects (Bonferroni 
adjustment) showed that the controls responded significantly more to S2 than to S1 
(F=15.023; p=0.001) (Fig. 3.8D). This confirms that the controls expressed the Kamin 
blocking effect. The experimental group did not show a significant difference in their 
response to S1 and S2 (F=0.113; p=0.741) during phase 3 (Fig. 3.8D). This means that the 
experimental group did not express the Kamin blocking effect.  The experimental group also 
responded significantly more to S1 than the control group (F=6.118; p=0.024) (Fig. 3.8D). 
There was no significant difference in the responses of the two groups to S2 (F=0.006; 
p=0.937). This means that inactivating the NAc during phase 1 had the specific effect of 
increasing the conditioned responding to S1 in phase 3.  These results show that, during the 
single cue conditioning phase of the Kamin blocking paradigm, inactivating the NAc, and 
thereby blocking neuronal learning in this region, attenuates the Kamin blocking effect.   
Baseline nose poke duration in the 5s immediately preceding S1 was not significantly 
different from the baseline before S2 in the control (t=1.108; p=1.000) and experimental 
groups (t=0.205; p=1.000). There was also no significant difference between the two groups 
in their baseline before S1 (t=0.474; p=0.640) or S2 (t=0.105; p=0.919). These results show 
that the pattern of conditioned responding to S1 and S2 observed in phase 3 in the two groups 
is not due to differences in baseline nose poking. 
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3.3.4 Experimental manipulations did not affect performance during compound cue 
conditioning sessions 
Experimental manipulations during the compound cue conditioning phase in experiments 1 
and 2 could have affected performance during the compound cue conditioning phase. 
However, two 3-way mixed ANOVAs, followed by simple effects comparison using 
Bonferroni adjustment showed that there were no significant differences between the control 
and the experiments groups in their lever press response (Fig. 3.9A, C, E) (comparison 
between the two groups in their lever press response to L2+S2 during the fifth compound cue 
session in experiment 3 came closest to significance with F=1.869; p=0.190) or their nose 
poke response (Fig. 3.9B, D, F) (comparison between the two groups in their relative 
response index during the second compound cue session in experiment 1 came closest to 
significance with F=4.454; p=0.051)  to the two compound cues during any of the 6 
compound cue conditioning sessions. These results show that experimental manipulations of 
disrupting GABAA receptor mediated inhibition in the VTA or inactivating the NAc during 
compound cue conditioning sessions, or inactivating the NAc during single cue conditioning 
sessions, did not affect performance on the lever press and nose poke response measures 
during the compound cue conditioning sessions.     
In addition, both the control and the experimental groups showed a significant difference in 
their nose poke response to the two compound cues in experiment 1 (Control: F=9.984, 
p=0.005; Experimental: F=16.728, p=0.001), experiment 2 (Control: F=25.009, p<0.001; 
Experimental: F=9.376, p=0.007), and experiment 3 (Control: F=27.920, p<0.001; 
Experimental: F=21.383, p<0.001). Further, the comparison between the nose poke response 
to the two cues for the two groups was significant for all the compound cue conditioning 
sessions in all the three experiments except for session 1 of the control group in experiment 1 
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Figure 3.9: Lever press and nose poke responses during the compound cue 
conditioning phase. (A) Lever press responses and (B) nose poke responses to the two 
compound cues in experiment 1. (C) Lever press responses and (D) nose poke responses 
to the two compound cues in experiment 2. (E) Lever press responses and (F) nose poke 
responses to the two compound cues in experiment 3. Data are presented as mean ± SEM. 
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(F=3.212; p=0.090). These results show that the experimental manipulations in experiments 
1-3 did not have an effect on the within subject measure of nose poke responding during the 
compound cue conditioning phase. This within subject measure of nose poke responding is 
used as the behavioral measure in phase 3, to test for the expression of the Kamin blocking 
effect.  
 
3.3.5. The difference in responding to S1 and S2 in the control groups is due to Kamin 
blocking, and not due to overshadowing or manipulation induced generalization decrement 
During the extinction test the rats in the control group increased their nose poke response 
from baseline only during S2, which is the sound cue that was given as a compound along 
with the unpaired lever in phase 2. The controls did not increase their nose poke response 
during S1, which is the sound cue given along with the paired lever in phase 2. Further, a 
comparison of the normalized responses showed that the controls responded significantly 
more to S2 than to S1 during the extinction test. These results were interpreted as 
demonstrating the Kamin blocking effect in the control group. However, the phenomenon of 
overshadowing can also account for these results, calling into the question the demonstration 
the Kamin blocking effect in experiments 1-3. 
Overshadowing refers to the following phenomenon. Consider pairing a compound cue 
consisting of two previously neutral cues, A and B, with a reinforcer. After compound cue 
conditioning, when conditioned responding to separate presentation of the elements, A and B, 
of the compound cue A + B is assessed, if A elicits a stronger conditioned response than B, 
then A is said to overshadow B. Overshadowing occurs as a result of differences in the 
psychological salience of the physical characteristics of the two cues used as elements of a 
compound cue.     
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In experiments 1-3, overshadowing of the sound cue S1 by the lever cue L1 during phase 2 
also explains the difference in responding to S1 and S2 during the extinction test in the 
control group. The reasoning is as follows.  
L1 overshadows S1 during phase 2 resulting in less conditioning of S1 and therefore less 
responding to S1 during the extinction test. This could occur without conditioning L1 at all 
during phase 1. On the other hand, L2 fails to overshadow S2 because L2 is not paired with 
reward during phase 1 and thus gets ignored by the rats during phase 2. Therefore, 
conditioning of S2 progresses normally during phase 2 and the rats respond significantly 
more to S2 than to S1 during the extinction test.  
The results of the experimental manipulations in experiments 1 and 2 can also be explained 
by the phenomenon of overshadowing. Manipulations in experiments 1 and 2 occur during 
phase 2 and could act by reinstating the prediction error signal or by preventing 
overshadowing of S1 by L1. In both cases, the differences in responding to S1 and S2 during 
the extinction test will be attenuated. 
However, overshadowing cannot explain the result of experiment 3. In experiment 3, the 
experimental manipulation occurs in phase 1. The overshadowing explanation would require 
the experimental manipulation in phase 1 to reduce the ability of L1 to overshadow S1 in 
phase 2.  
Overshadowing occurs as a result of differences in cue characteristic and salience. Prior 
experience with lever cues in phase 1 cannot affect the ability of the lever cues to overshadow 
the sound cues on the basis of differences in cue characteristic. However, experience with 
lever cues in phase 1 can affect the salience of the lever cues in phase 2, thereby modulating 
their ability to overshadow the sounds cues in phase 2. This is used in the overshadowing 
explanation of the control’s difference in responding to S1 and S2 during the extinction test, 
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explained on the basis of L2 being ignored in phase 2 due to prior experience with L2 as an 
unrewarded, and thus not salient, cue during phase 1. It follows that driving up the salience of 
L1 during phase 1 will increase its ability to overshadow S1. However, the only way 
inactivating the accumbens in phase 1 can prevent L1 from overshadowing S1 during phase 2 
is by reducing the salience of L1.  
If inactivating the nucleus accumbens during phase 1 reduces the salience of L1 at the end of 
phase 1 in the experimental group, then there should be a significant difference between the 
control and the experimental groups in their response to L1 towards the end of phase 1 in 
experiment 3. There was no significant difference between the two groups in their response to 
L1 on sessions 10 (F=0.404; p=0.534), 11 (F=1.881; p=0.189), and 12 (F=1.281; p=0.274) of 
phase 1. Thus, inactivating the nucleus accumbens during phase 1 did not have a significant 
effect on the final salience of L1 at the end of phase 1. 
Another possibility is that the manipulation in phase 1 resulted in a loss in salience of L1 
from phase 1 to phase 2, rather than in phase 1 itself. This could happen if the manipulation 
in phase 1 induced a physiological state which can be interpreted as a different context. If this 
were the case, then the context shift between phase 1 and phase 2 would result in 
generalization decrement and thus a loss in the salience of L1 from phase 1 to phase 2. The 
resulting reduction in overshadowing of S1 by L1 can explain the increase in response to S1 
in the experimental versus the control group. However, generalization decrement can only 
reduce the ability of L1 to overshadow S1, not abolish it. Thus, it is also expected that the 
experimental group would have responded more to S2 than to S1 during the extinction test. 
However, there was no significant difference between responding to S1 and S2 in the 
experimental group during the extinction test in experiment 3 (F=0.113; p=0.741). 
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Further, if the manipulation in experiment 3 caused a context shift resulting in generalization 
decrement, the generalization decrement should also have happened in experiment 2, where 
the same manipulation was done in phase 2. The shift in context from phase 2 to phase 3 in 
the experimental group of experiment 2 is expected to decrease the salience of S1 and S2 
from phase 2 to phase 3. Thus, it is expected that the controls would respond more to S2 than 
the experimental group during the extinction test in experiment 2. However, there was no 
significant difference in the response to S2 between the two groups during the extinction test 
in experiment 2 (F=1.419; p=0.250). 
Thus, the experimental results do not support the existence of a generalization decrement 
caused by manipulation induced context shifts across phases in the experimental group in 
experiments 2 and 3.  
Taken together, the experimental results find no support for the hypothesis that inactivating 
the nucleus accumbens in phase 1 resulted in a loss in salience of L1. As explained 
previously, this was the only way that inactivating the accumbens in phase 1 could have 
prevented L1 from overshadowing S1 during phase 2. Thus, overshadowing cannot explain 
the result of experiment 3.  
Given that the experimental manipulation did not alter the salience of the lever cues, and the 
manipulation itself was absent in phase 2 and so could not directly affect overshadowing, L1 
should have overshadowed S1 in the experimental group in experiment 3. The absence of 
overshadowing in the experimental group of experiment 3 serves as the overshadowing 
control, showing that the differences observed between responding to S1 and S2 in the 
control groups were not due to overshadowing but due to Kamin blocking.  
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3.4 Discussion 
The present study showed that the Kamin blocking effect was attenuated by blocking 
inhibition in the VTA or by inhibiting neurons in the NAc. These effects were seen if the 
manipulations were performed during the compound cue conditioning phase. In addition, 
inhibiting NAc neurons during the single cue conditioning phase also attenuated the Kamin 
blocking effect. Conceptually, the Kamin blocking effect is important because it led to the 
idea that classical conditioning occurs only when outcomes deviate from expectations, in 
other words, when there is a prediction error. The results reported here identify specific 
neural structures that are involved in Kamin blocking, and thus suggest the involvement of 
these structures in computing prediction error in the context of appetitive classical 
conditioning. 
Previous work (Mirenowicz & Schultz, 1994; Schultz et al., 1997; Hollerman & Schultz, 
1998; Waelti et al., 2001) has shown that midbrain dopamine neurons fire in a manner 
consistent with prediction error signaling during appetitive classical conditioning. In 
particular, the dopamine response evoked by rewards is reduced when they are expected. 
Waelti et al. (2001) suggested that this reduction in the dopamine signal evoked by the 
reward when it is expected plays a crucial role in the Kamin blocking effect. In support of 
this idea, Steinberg et al. (2013) showed that overriding this reduction by optogenetic 
stimulation of the VTA dopamine neurons when the expected reward is delivered attenuates 
the Kamin blocking effect. The present study found that blocking inhibition in the VTA 
during compound cue conditioning similarly attenuates the Kamin blocking effect. This 
shows that naturally occurring inhibition in the VTA is necessary for the Kamin blocking 
effect, and suggests that inhibitory inputs to the VTA neurons play a role in reducing the 
dopamine response evoked by the reward when it is expected. 
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The present study also found that inhibiting the NAc neurons during compound cue 
conditioning attenuates the Kamin blocking effect. These neurons send direct inhibitory 
inputs to the VTA dopamine neurons (Watabe-Uchida et al., 2012; Tian et al., 2016) and may 
be an important source of the inhibition occurring in the VTA at the expected time of reward 
delivery. In addition, NAc projection neurons also synapse onto the GABA interneurons in 
the VTA (Xia et al., 2011).  Moreover, NAc neurons also project to other brain regions that 
are in turn afferent to the VTA dopamine neurons (Groenewegen et al., 1999; Hong & 
Hikosaka, 2008; Bromberg-Martin et al., 2010a; Bromberg-Martin et al., 2010b). Given this 
connectome, the present results suggest that the NAc directly or indirectly contributes to the 
inhibition of VTA dopamine neurons at the expected time of reward delivery, and this 
inhibitory control is necessary for the Kamin blocking effect. 
Another result of the present study was that inhibiting the NAc neurons during the single cue 
conditioning phase attenuated the Kamin blocking effect, even though classical conditioning 
proceeded normally during this phase. This may come as a surprise because blocking occurs 
during the subsequent compound cue conditioning phase, at which time there is no 
experimenter-induced inhibition of the NAc. However, blocking depends on the accuracy, 
during phase 2, of the reward estimate generated by the cue conditioned in phase 1. Thus, 
learning about reward estimation during phase 1 directly affects blocking during phase 2. 
Therefore, the present result suggests that the output of the NAc plays a role in learning about 
reward estimation during phase 1.  
Studies showing that the dopamine response evoked by the reward, when preceded by the cue 
being conditioned, declines gradually as classical conditioning progresses (Mirenowicz & 
Schultz, 1994; Schultz et al., 1997; Hollerman & Schultz, 1998; Waelti et al., 2001) suggest 
potential neurophysiological correlates of reward estimation learning during phase 1. This 
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gradual decline implies that increased inhibitory input to the dopamine neurons is acquired 
through neuronal learning during phase 1. Therefore, the new finding, that inactivating the 
NAc during phase 1 attenuates Kamin blocking, suggests that neuronal learning in the NAc 
during phase 1 may play a key role in reducing the dopamine response evoked by the reward 
when it is expected.  
Here, it is important to note some caveats to the above mentioned interpretations of the new 
experimental results reported in this paper. First, bicuculline injections into the VTA blocked 
GABAA receptor mediated inhibitory input to all the neurons in this region, and not just the 
dopamine neurons. Thus, the deficit in the Kamin blocking effect reported here as a result of 
these injections cannot be attributed to a modification of dopamine signaling without further 
experiments specific to manipulating only the dopamine neurons in this region. In support of 
a dopaminergic mechanism, GABA neurons in the VTA inhibit dopamine neurons in this 
region via GABAA receptors (Tan et al., 2012). Conversely, inactivation of these neurons 
disinhibits the dopamine neurons (Bocklisch et al., 2013) and increases the phasic response 
of dopamine neurons to rewards (Eshel et al., 2015).These GABA neurons increase their 
firing in response to reward predicting cues (Cohen et al., 2012), making their GABAA 
receptor mediated inhibitory input to the dopamine neurons relevant in the context of 
classical conditioning.  
Second, while the present findings point to the involvement of the NAc in regulating the 
firing of dopamine neurons in response to expected rewards, the anatomical connections of 
the NAc and its effect on many cue mediated behaviors leaves the room for many other 
possibilities. The NAc is a key region in mediating the effect of conditioned cues on learning 
and behavior. Lesions or reversible inactivation of this region, while leaving classical 
conditioning intact, affect higher order behaviors such as Pavlovian to instrumental transfer 
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(Corbit et al., 2001; Shiflett & Balleine, 2010; Corbit & Balleine, 2011), outcome devaluation 
(Corbit et al., 2001; Shiflett & Balleine, 2010), latent inhibition (Weiner et al., 1996; Jongen-
Relo et al., 2002; Schiller et al., 2006), and responding maintained by conditioned reinforcers 
(Di Ciano et al., 2008). The NAc also receives a convergence of inputs from many regions 
involved in mediating the effects of stimulus reward learning, such as the amygdala and the 
prefrontal cortex (Brog et al., 1993; Groenewegen et al., 1999) amongst others.  
In support of a dopaminergic mechanism underlying the attenuation of the blocking effect by 
inactivation of the NAc, the output of the NAc is regulated by reward expectation (Tian et al., 
2016) and provides both direct and indirect inhibitory input to the VTA dopamine neurons 
(Groenewegen et al., 1999; Hong & Hikosaka, 2008; Bromberg-Martin et al., 2010a; 
Bromberg-Martin et al., 2010b). Thus, from an anatomical perspective, the output of the NAc 
exerts reward expectation regulated control over multiple sources of inhibitory inputs to the 
VTA dopamine neurons during classical conditioning. 
The three experimental results reported here show the importance of the NAc and inhibition 
in the VTA in the expression of the Kamin blocking effect. The underlying motivation for the 
choice of neural substrates investigated has been the hypothesis that the reduction in 
dopamine response evoked by the reward when it is expected is necessary for the expression 
of the Kamin blocking effect. However, the results cannot be directly extended to imply that 
the neural substrates investigated here play a role in reducing the dopamine response evoked 
by rewards when they are expected. Further experiments, directly measuring the effects of the 
experimental manipulations used in this research on the dopamine response evoked by the 
expected reward, are needed to verify this hypothesis. Such an investigation will help identify 
neural substrates that make behaviorally significant contributions to the computation of the 
dopamine reward prediction error signal.  
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4. Expression of the Kamin Blocking Effect in Sign 
Trackers and Goal Trackers 
 
4.1 Introduction 
During classical conditioning, when a cue is paired with a reinforcer, the cue being 
conditioned comes to elicit behavioral responses called conditioned responses. When the 
conditioning is appetitive, two types of conditioned approach responses occur. Some subjects 
approach the cue and interact with it. This is called a sign tracking response (Hearst & 
Jenkins, 1974; Boakes, 1977; Davey & Cleland, 1982). Others approach and interact with the 
site of expected reward delivery. This is called a goal tracking response (Boakes, 1977; 
Farwell & Ayres, 1979; Holland, 1979; Davey & Cleland, 1982). This chapter reports the 
results of an investigation into the expression of the Kamin blocking effect in animals that 
develop either a sign tracking or a goal tracking conditioned response. The findings have 
implications for the learning mechanisms involved in classical conditioning, the resulting 
associative structures, and their roles in producing the conditioned response. 
Recent studies indicate that different neural substrates underlie goal tracking and sign 
tracking behavior. Flagel et al. (2011) found that systemic injections of the dopamine 
receptor antagonist flupenthixol during classical conditioning impaired both the acquisition 
and performance of the sign tracking response. Saunders and Robinson (2012) further found 
that injecting flupenthixol (nonselective dopamine receptor antagonist) specifically into the 
nucleus accumbens core impaired the acquisition and performance of the sign tracking 
response. These findings suggest that both the acquisition and performance of the sign 
tracking conditioned response depend on dopamine function in the nucleus accumbens core. 
In contrast, injecting flupenthixol into the nucleus accumbens core did not impair the 
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acquisition or performance of the goal tracking response (Saunders & Robinson, 2012). The 
performance of the goal tracking response was impaired under systemic flupenthixol 
injections (Flagel et al., 2011). These findings suggest that the acquisition of the goal 
tracking response does not depend on dopamine. The performance of the goal tracking 
response does depend on dopamine, but is not dependent on dopamine function in the nucleus 
accumbens core. The action of dopamine in regions of the brain other than the nucleus 
accumbens core plays a role in the performance of the goal tracking response. The 
differences in the neural substrates mediating sign tracking and goal tracking conditioned 
responses implies that different learning mechanisms and principles may underlie the 
acquisition of these two types of conditioned responses (Derman et al., 2018).  
Flagel et al., (2011) also showed that dopamine transients in animals exhibiting goal tracking 
conditioned responses do not track the theoretical reward prediction error. They found that 
the dopamine response evoked by the reward, when preceded by the cue being conditioned, 
declined only in sign trackers as classical conditioning progressed. In contrast, the reward 
evoked dopamine response did not decline in animals that developed a goal tracking 
conditioned response. The absence of this dopamine reward prediction error signal in goal 
trackers has implications for the Kamin blocking effect. 
It was argued in chapter two that the Kamin blocking effect can be explained by models of 
learning in which learning is based on prediction error. In the case of appetitive classical 
conditioning, dopamine reward prediction error was suggested as a neural substrate 
underlying the Kamin blocking effect. Specifically, a reduction in the dopamine response 
evoked by reward when it is expected was hypothesized to be necessary for the Kamin 
blocking effect (Waelti et al., 2001; Steinberg et al., 2013; Sharpe et al., 2017). Here, this 
argument is extended to animals exhibiting goal tracking, which have been found not to show 
a reduction in the dopamine response evoked by the reward when it is expected. Thus, this 
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chapter investigates the hypothesis that animals that develop a goal tracking conditioned 
response do not express the Kamin blocking effect.  
Previous investigations into the expression of the Kamin blocking effect in animals that show 
a sign tracking or goal tracking conditioned response have produced mixed results. Derman et 
al., (2018) showed that both sign tracking and goal tracking animals express the Kamin 
blocking effect. However, there is an alternate explanation for their results, if the details of 
the training procedure they used are taken into account. Derman et al. (2018) used two sound 
cues in phase 1, one paired with reward (S1R) and the other not paired with reward 
(S2X). In phase 2, they compounded the sound cues by adding simultaneous lever cues 
(S1+L1 and S2+L2). During their compound cue conditioning sessions, they presented the 
previously non-reinforced sound cue (S2) 6 times in the absence of reward (S2X) and 
presented its compounded form 4 times followed by reward (S2+L2 R). Similarly, they 
presented the previously reinforced sound cue 6 times followed by reward (S1R) and its 
compounded form 4 times followed by the reward (S1+L1 R).  
The training procedure used by Derman et al. (2018) is expected to lead to the formation of a 
stronger association between L2 and the reward than a training procedure in which non-
reinforced sound cue presentations (S2X) are not given in phase 2. Therefore, it is 
suggested here that the use of such a training procedure during compound cue training will 
lead to the formation of a stronger L2-R association relative to the L1-R association even in 
the absence of phase 1 (no single cue conditioning phase – no blocking should occur), 
resulting in a larger response to L2 than to L1 during the post-training extinction test. Derman 
et al., (2018) indeed found that animals that developed a goal tracking conditioned response 
showed robust conditioned responding to both the added cues during the extinction test but 
respond significantly more to L2 than to L1. Derman et al. (2018) argue that this difference in 
responding reflects the Kamin blocking effect.  
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The alternative interpretation of Derman et al (2018) suggested here is that the difference in 
conditioned responding to L2 and L1 observed in the extinction test occurred because of the 
compound cue training procedure they used. Further, this difference in responding to L1 and 
L2 would have been observed even if the animals did not undergo phase 1 of their behavioral 
paradigm, even though no blocking should occur in the absence of phase 1. The fact that the 
goal tracking animals responded robustly to both the lever cues in their extinction test leaves 
open the possibility that goal trackers do not express the Kamin blocking effect.  
In support of the alternative interpretation presented here, Holland et al., (2014) found 
evidence that suggests that goal trackers do not show the Kamin blocking effect. They found 
that goal tracking to auditory cues did not block the acquisition of a sign tracking response to 
the added lever cues during the compound cue training phase. In contrast, sign tracking to 
lever cues blocked the acquisition of goal tracking to auditory cues, suggesting that sign 
trackers do show the Kamin blocking effect. However, there is an alternative interpretation of 
these findings as well, related to the associability of the different types of cues used. 
Specifically, Holland et al., (2014) found that the lever cue overshadowed the formation an 
association between an auditory cue and food reward. Further, the lever cue when added, 
during the compound cue conditioning phase, to the previously conditioned auditory cue, 
took conditioned responding away from the auditory cue. These findings suggest that the 
lever cues were more associable than the auditory cues. Thus further experimental study of 
the expression of the Kamin blocking effect in animals that exhibit a goal tracking 
conditioned response is warranted. 
Other studies of Kamin blocking using pigeons showed that highly diffuse cues, which lead 
to the development of goal tracking conditioned responses, interfere with the development of 
sign tracking conditioned responses to localized cues (Blanchard & Honig, 1976; Leyland & 
Mackintosh, 1978; Khallad & Moore, 1996). However, diffuse cues do not support the sign 
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tracking conditioned response because there is no discrete localized cue to direct responding 
towards, leaving no option but to goal track. Therefore, when diffuse versus discrete cues are 
used to produce these two types of conditioned responses, there is a problem in the 
interpretation of the experimental results.  
Let us assume that goal tracking and sign tracking form different associative structures and 
rely on different learning principles. Under these assumptions, it is highly probable that 
associative structures for each type of learning are acquired simultaneously during classical 
conditioning. Depending on which associative structure is dominant, either sign tracking or 
goal tracking conditioned responding is observed. However, diffuse cues do not offer the 
opportunity to sign track. When cues that do not support a sign tracking conditioned response 
are used for classical conditioning, it may be expected that even if the associative structure 
that would otherwise lead to sign tracking is dominant, the conditioned response produced 
will be goal tracking, simply because that is the only response available. This creates a 
problem because, under these circumstances, even though the conditioned response is goal 
tracking, the dominant learning mechanism may be the one that is responsible for the sign 
tracking conditioned response.  
The use of diffuse cues confounds the interpretation of experiments which find similarities 
between factors controlling goal tracking and sign tracking. For example, Derman et al., 
(2018) found that the development of a goal tracking conditioned response to diffuse cues 
blocks the acquisition of a sign tracking conditioned response to localized cues, and vice 
versa. One interpretation of this finding is that both goal tracking and sign tracking depend on 
the same reinforcer prediction error mechanism discussed in chapter two. However, if there 
are indeed two different learning mechanisms in play, goal tracking to a diffuse cue does not 
necessarily mean that the underlying associative structure dominating learning in these 
animals is the one acquired through the goal tracking learning mechanism. Thus, even though 
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the conditioned response is goal tracking, the learning principles being followed may be the 
same as those underlying the development of a sign tracking conditioned response.  
Therefore, during the blocking procedure, both the localized cue and the diffuse cue, even 
though they elicit different conditioned responses, may engage the same learning principles, 
resulting in similar blocking effects. However, as proposed above, this experimental result 
may be due to the confound created by the restrictive nature of the available conditioned 
responses to the diffuse cue, and thus may not reflect the similarity between the learning 
mechanisms and associative structures responsible for the acquisition of these two types of 
conditioned responses in general. It is therefore important to test differences in learning 
between groups of animals that respond by either goal tracking or sign tracking to the same 
localized cue. That is, to use cues such that the cue identity is not variable across the goal and 
sign tracking groups. This chapter reports the results of one such study. 
In the experiment reported here, groups of animals that develop either a sign tracking or a 
goal tracking conditioned response to a lever cue paired with a food pellet reward are 
investigated for the expression of the Kamin blocking effect.  In the previous chapter, lever 
press was used as the measure of classical conditioning during phase 1 of the Kamin blocking 
paradigm, and data from animals that did not lever press was not used for data analysis. On 
further analysis it was observed that a subgroup of the animals that did not develop a lever 
press conditioned response responded to the paired lever cue by increasing the duration of 
nose poking into the food magazine, which is a goal tracking response. This naturally 
occurring group of animals showing a robust goal tracking conditioned response provided an 
opportunity to test the hypothesis that animals that develop a goal tracking conditioned 
response do not express the Kamin blocking effect.  
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4.2 Methods 
In experiments 1-3 (chapter 3), the data from only those rats that showed a reliable lever 
press response in phase 1 was analyzed. Thus, data from only the sign trackers was used for 
those experiments. However, many of the rats that did not show a lever press response in 
phase 1 reliably nose poked into the food magazine when the paired lever cue was presented. 
This is a goal tracking response. This chapter reports on the expression of the Kamin 
blocking effect in those animals that develop a goal tracking conditioned response to the 
paired lever cue. 
In chapter 2, it was reported that at the time of running the behavioral experiment, both the 
experimental and control groups of all three experiments had some animals that did not 
develop a lever pressing conditioned response. These animals were run through the Kamin 
blocking paradigm but were excluded from the data analysis reported in chapter 3. For the 
purpose of investigating the expression of the Kamin blocking effect in goal trackers, 
previously unused data from the animals in the controls groups of experiments 1-3 was 
utilized.  
Among the rats in the control groups of experiments 1-3, 30 rats were excluded from data 
analysis on the basis of behavioral criteria for development of a lever press conditioned 
response only to the paired lever cue. Among these 30 rats, those rats that passed the 
following two behavioral criteria were included into the data analysis as goal trackers.  
1) The rats had to satisfy one of the following two conditions assessing conditioned 
responding to the paired lever. 
a. Relative response index for the paired lever above 0.65 on the last two 
sessions and above 0.7 on at least one of the last two sessions. 
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b. Relative response index for the paired lever above 0.7 on the last session and 
on at least three of the last four sessions.  
2) The rats had to satisfy one of the following two conditions to eliminate the 
development of a conditioned response to the unpaired lever. 
a. Relative response index for the unpaired lever below 0.7 on the last four 
sessions, below 0.65 on at least two of the last four sessions, and below 0.6 on 
at least one of the last four sessions. 
b. Relative response index for the unpaired lever below 0.7 on the last session 
and below 0.6 on three of the last four sessions. 
Out of 30 rats, only 14 rats passed the behavioral criteria for inclusion into the data analysis 
as rats that developed a goal tracking response to only the lever cue paired with reward (Fig. 
4.1A, B). Therefore, there were 14 rats in the goal tracking group. 
A total of 26 control rats passed the inclusion criteria for experiments 1-3. These 26 rats 
developed a sign tracking conditioned response to the paired lever cue. Four of these sign 
tracking rats, also passed the behavioral criteria for the development of a goal tracking 
response to the paired lever (Fig. 4.1C, D). Since these 4 rats developed both a robust sign 
tracking and a robust goal tracking response to the paired lever cue, they were excluded from 
the sign tracking group. Thus, there were 22 rats in the sign tracking group. 
The data from 14 rats that developed only a goal tracking conditioned response to the paired 
lever cue was analyzed and compared with the 22 rats that developed only a sign tracking 
conditioned response to the paired lever cue to investigate the expression of the Kamin 
blocking effect in these two groups of animals. 
All experimental procedures are the same as those for the control groups of experiments 1-3, 
and are described in chapter 3. The statistical testing methods are also the same as those 
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mentioned in chapter 3, except that they were carried out on a different data set where the 
animals were divided into those that either goal tracked or sign tracked in phase 1 of the 
Kamin blocking paradigm. In addition, a three way repeated measures ANOVA 
(Greenhouse-Geisser adjustment), on the relative response index for the goal tracking and 
Figure 4.1: Relative response index averaged across sessions 10-12 of phase 1. (A, B) 
Nose poke responses to the paired lever (A) and to the unpaired lever (B) of the 30 rats 
that were eliminated from the control groups of experiments 1-3 on the basis of behavior. 
(C, D) Nose poke responses to the paired lever (C) and to the unpaired lever (D) of the 26 
control group rats that were included in the data analysis of experiments 1-3. Relative 
response index to L1 (A, C) was above the dotted line and relative response index to L2 
(B, D) was below the dotted line in all animals that passed the behavioral criteria for the 
development of a discriminatory goal tracking conditioned response to L1 (grey bars). 
Animals that did not develop a goal tracking response on the basis of behavioral criteria 
are represented as red bars. 
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sign tracking group was used to show the development of a nose poking conditioned response 
during phase 1 in only the goal tracking group. 
 
4.3 Results 
Classical conditioning using lever cues paired with a food pellet reward resulted in the 
development of sign tracking in some animals, and goal tracking in others. Figure 4.2 shows 
the gradual development of a conditioned response to the lever cue paired with the food 
reward in both the sign trackers and goal trackers. The sign trackers lever pressed when the 
lever paired with the food reward was presented and did not lever press when the unpaired 
lever was presented during phase 1. The goal trackers did not develop a lever pressing 
conditioned response (Fig 4.2A) but developed a nose poking conditioned response into the 
food magazine (Fig 4.2B). 
Statistical analysis showed that the differences in behavioral patterns apparent in figure 4.2 
were statistically significant. A three way mixed ANOVA on the lever press response 
measure, using the Greenhouse-Geisser adjustment, showed a significant effect of lever cue 
(F=51.526; p<0.001), a significant effect of group (F=110.147; p<0.001), and a significant 
cue x session (F=3.449; p=0.003), cue x group (F=57.825; p<0.001) and cue x session x 
group (F=5.516; p<0.001) interaction. A simple main effects comparison using the 
Bonferroni adjustment showed a significant effect of the lever cue in only the sign trackers 
(F=140.477; p<0.001) but not the goal trackers (F=0.074; p=0.787), showing the 
development of a lever pressing conditioned response only in the sign trackers. This means 
that only the sign trackers developed a lever pressing conditioned response in response to the 
lever cue paired with the reward, while the goal trackers did not develop a lever press 
response to either of the lever cues.  
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Figure 4.2 Conditioned responses of the sign tracking and goal tracking groups 
during phase 1. (A) Lever press responses of sign trackers and goal trackers during phase 
1 of the Kamin Blocking Paradigm. (B) Nose poke responses of sign trackers and goal 
trackers to lever cues during phase 1. Nose poke responses are normalized to their 
baselines (response during the 5s immediately preceding the respective lever cue) 
according to equation 1. Data are presented as mean ± SEM. 
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Further statistical analysis was necessary to verify the development of a nose poking 
conditioned response in the goal tracking group. A three way repeated measures ANOVA on 
the nose poke response measure for the goal trackers and sign trackers, using the 
Greenhouse-Geissier adjustment, showed a significant main effect of cue (F=6.608; 
p=0.015), session (F=5.317; p<0.001) and group (F=82.323; p<0.001). In addition, all 
interactions were also significant – cue x group (F=92.064; p<0.001), cue x session (F=3.728; 
p=0.001), group x session (F=17.598; p<0.001), and cue x session x group (F=16.062; 
p<0.001). A simple main effects comparison (Bonferroni adjustment) showed a significant 
effect of the lever cue in the goal trackers (F=20.186; p<0.001). This means that the goal 
trackers developed a nose poking conditioned response only to the paired lever. There was a 
significant effect of the lever cue in sign trackers as well (F=95.144; p<0.001), which 
occurred because the nose poking response during L1 was suppressed below baseline in this 
group, as they were interacting with the lever during L1. This means that only the goal 
trackers developed a nose poking conditioned response in response to the lever cue paired 
with the reward, while the sign trackers suppressed their nose poke responses to the 
presentation of L1. There was also a significant effect of session on the nose poke response to 
L1 in both the goal tracking (F=3.265; p=0.007) and sign tracking groups (F=18.911; 
p<0.001). There was no significant effect of session on nose poke responses to L2 in the sign 
(F=1.713; p=0.131) or goal (F=1.194; p=0.342) tracking groups. This means that, over the 
course of multiple conditioning sessions, goal trackers developed a nose poke conditioned 
response and sign trackers developed a suppression in their nose poke response only to that 
lever which was paired with the food reward.  
Both the groups then underwent compound cue conditioning (phase 2). When their response 
to the presentation of the sound cues alone was tested in extinction (phase 3), the sign 
trackers increased their nose poke rate from baseline only during the sound that was given as 
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Figure 4.3 Kamin blocking effect is robust in sign trackers but attenuated in goal 
trackers. (A) Nose poke responses for sign and goal trackers when the sound cues are 
presented in phase 3. Baseline response is measured during the 5s immediately preceding 
the respective sound cue. Cue response is measured during the cue, which lasts for 5s. (B) 
Responses to the sound cues normalized (equation 1) to their respective baselines. Data 
are presented as mean ± SEM.            
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a compound along with the unpaired lever in phase 2 (S2) (t=5.463; p<0.001; two way mixed 
ANOVA – simple main effects – Bonferroni). The sign trackers did not increased their nose 
poke rate from baseline during the sound cue that was given as a compound along with the 
paired lever in phase 2 (S1) (t=1.596; p=0.728) (Fig. 4.3A). These findings show that the sign 
trackers responded to S2 but not to S1, producing the Kamin blocking effect. The goal 
trackers responded to both S1 (t=5.095; p<0.001) and S2 (t=5.277; p<0.001) (Fig. 4.3A), 
suggesting that the Kamin blocking effect was attenuated in this group.  
In agreement with the foregoing comparison of the raw nose poke scores, when the responses 
to the sound cues were normalized to their respective baselines (Equation 1 – chapter 3), 
statistical tests showed an attenuation of the Kamin blocking effect in the goal tracking 
group. A two way mixed ANOVA showed a significant main effect of cue (F=14.164; 
p=0.001). There was no significant effect of group (F=1.534; p=0.224) or interaction between 
cue and group (F=3.306; p=0.078). A simple main effects comparison using the Bonferroni 
adjustment showed that the sign trackers responded significantly more to S2 than to S1 
(F=20.029; p<0.001) while the goal trackers did not show a difference in their response to S1 
and S2 (F=1.548; p=0.222) during phase 3 (Fig. 4.3B). This means that the sign tracking 
group showed a robust Kamin blocking effect. The measure of the Kamin blocking effect did 
not reach significance in the goal tracking group, implying that the effect was attenuated in 
this group of animals. There was no significant difference in the responses of the two groups 
to S1 (F=3.160; p=0.084) and S2 (F=0.011; p=0.917) (Fig. 4.3B).  
These results show that animals that develop a sign tracking conditioned response to the lever 
cue paired with the food pellet reward during phase 1 express the Kamin blocking effect. In 
contrast, the blocking effect is attenuated in animals that develop a goal tracking conditioned 
response to the paired lever cue.  
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It is important to note here that the pattern of responding to S1 and S2 in the sign and goal 
tracking groups observed in phase 3 could occur either due to differences in nose poke 
response during S1 and S2 or due to differences in nose poking during the baseline period of 
S1 and S2. The baseline period is the 5s immediately preceding the presentation of a sound 
cue. Nose poking during the 5s immediately preceding S1 was not significantly different 
from nose poking before S2 in the sign tracking (t=2.037; p=0.297) and goal tracking groups 
(t=0.294; p=1.000). There was also no significant difference between the two groups in their 
baseline before S1 (t=0.693; p=0.491) or S2 (t=0.120; p=0.908). These results show that the 
pattern of conditioned responding to S1 and S2 observed in phase 3 in the two groups is not 
due to differences in baseline nose poking. 
To check whether the pattern of responding observed in phase 3 was already present in phase 
2, a 3-way mixed ANOVA was conducted on the nose poke response to the two compound 
cues during phase 2 (Fig. 4.4B). A simple main effects comparison using Bonferroni 
adjustment showed that there was a significant difference in the nose poke response to the 
two compound cues in the sign trackers (F=57.898; p<0.001) but not in the goal trackers 
(F=2.706; p=0.109). There was also a significant difference between the two groups in their 
nose poke responses to L1+S1 (F=143.624; p<0.001), but not in their nose poke responses to 
L2+S2 (F=0.070; p=0.793). These differences occurred because nose poke responding during 
L1+S1 in the sign trackers was suppressed below baseline, just as it was suppressed on L1 
presentation during phase 1 in this group. This suppression in nose poke response was not 
observed in phase 3 in the sign tracking group. Thus, the significant differences observed in 
phase 2 do not necessarily foreshadow the significant differences observed in phase 3.   
The observed suppression in nose poke responding to L1+S1 in the sign tracking group 
probably occurred due to lever pressing to L1+S1 in this group. In support of this idea, a 3-
way mixed ANOVA on lever press responses during phase 2 (Fig. 4.4A), followed by a 
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Figure 4.4 Lever and nose poke responses of the sign tracking and goal tracking 
groups during phase 2. (A) Lever press responses of sign trackers and goal trackers to 
the two compound cues, L1+S1 and L2+S2, during phase 2 of the Kamin Blocking 
Paradigm. (B) Nose poke responses of sign trackers and goal trackers to the two 
compound cues lever cues during phase 2. Nose poke responses are normalized to their 
baselines (response during the 5s immediately preceding the respective lever cue) 
according to equation 1. Data are presented as mean ± SEM. 
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simple main effects comparison (Bonferroni adjustment) showed that there was a significant 
difference in the lever press response to the two compound cues in sign trackers (F=28.499; 
p<0.001), but not in goal trackers (F=0.045; p=0.834). There was also a significant difference 
between the two groups in their lever press response to L1+S1 (F=38.563; p<0.001), but not 
in their lever press response to L2+S2 (F=3.821; p=0.059). These results suggest that only 
L1+S1 elicited a lever press conditioned response in the sign trackers. None of the compound 
cues elicited a lever press conditioned response in the goal trackers.  
In addition, figure 4.4A shows an increasing trend in the lever press response to L2+S2 in the 
sign tracking group across the sessions of phase 2, suggesting that the sign trackers may have 
been gradually developing a lever press response to L2+S2 during phase 2. However, the 
effect of session on L2+S2 in the sign tracking group did not reach significance (F=2.435; 
p=0.057). There was also no effect of session on the lever press response to L1+S1 in the sign 
tracking group (F=1.030; p=0.418) or on the lever press response of the goal tracking group 
to L1+S1 (F=0.280; p=0.920) and L2+S2 (F=0.177; p=0.969). 
 
4.4 Discussion 
In this chapter, the expression of the Kamin blocking effect is examined in subjects that 
develop either a goal tracking or sign tracking conditioned response to the same localized 
cue. Previously unanalyzed data from experiments 1-3 (chapter 3) was used to investigate the 
expression of the Kamin blocking effect in animals that develop either a goal tracking or a 
sign tracking conditioned response to a lever cue paired with a food pellet reward. It was 
found that, among animals that respond by either sign tracking or goal tracking to the same 
kind of cue, those that sign track show the Kamin blocking effect while this effect is 
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attenuated in the goal tracking group. This finding supports the hypothesis that goal trackers 
do not express the Kamin blocking effect.   
Flagel et al. (2011) found that in animals that goal tracking animals, expected reward evoke a 
robust dopamine response. It was found here that the Kamin blocking effect is attenuated in 
goal trackers. Conversely, sign tracking animals, in which expected rewards evoke a 
diminished dopamine response (Flagel et al., 2011), expressed the blocking effect. These 
findings support the hypothesis that the reduction in dopamine response evoked by the 
reward when it is expected is necessary for the Kamin blocking effect (Steinberg et al., 2013; 
Sharpe et al., 2017).  
In the introduction of this chapter it was argued, based on the different anatomical substrates 
of goal tracking and sign tracking conditioned responses, that different learning mechanisms 
may underlie the development of these two conditioned responses. The experimental finding 
of a difference in the expression of the Kamin blocking effect between animals that either 
goal track or sign track to the paired lever cue further suggests that different learning 
mechanisms underlie the development of these two conditioned responses. A corollary is that 
only the learning mechanism underlying the sign tracking response supports the Kamin 
blocking effect, while the learning mechanism underlying the goal tracking response does not 
support the Kamin blocking effect.    
As argued in the introduction of this chapter, two different associative structures may 
underlie sign and goal tracking conditioned responding. Both these associative structures may 
be acquired simultaneously during classical conditioning, and the nature of the final 
conditioned response may be decided by which associative structure is dominant. This means 
that even if the expressed conditioned response is goal tracking, some learning in the sign 
tracking system is also expected. If we further follow the argument that only the sign tracking 
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learning mechanism supports the Kamin blocking effect, it would be expected during phase 2 
that, within each animal, the sign tracking system acquires an association between the added 
cue and the reward depending on the extent of learning in the sign tracking system during 
phase 1. On the other hand, during phase 2, the goal tracking system will acquire an 
association between the added cue and the reward irrespective of the amount of learning in 
this system during phase 1.  
Following the foregoing argument, in the goal tracking group, those animals that respond via 
the goal tracking system in phase 3 will not express the Kamin blocking effect. However, this 
is only valid if, once the system being used for conditioned behavior is determined by neural 
processes, the conditioned responding via the chosen system is completely independent of 
influences from the other system. In the case that the sign tracking system influences 
conditioned responding via the goal tracking system, the following argument will apply. 
Some animals in the goal tracking group may respond via the sign tracking system in phase 3. 
Learning about the added cue in the sign tracking system in phase 2, and thus responding via 
this system to the added cue when presented alone in phase 3, depends on the amount of 
learning about the first cue in the sign tracking system during phase 1. Learning in the sign 
tracking system during phase 1 in the goal tracking group, though limited, is expected to vary 
between subjects. Thus, it is expected that goal trackers responding via the sign tracking 
system in phase 3 will show different degrees of attenuation of the Kamin blocking effect. 
Further, as mentioned previously, if the sign tracking system influences conditioned 
responding via the goal tracking system, goal trackers responding in phase 3 via the goal 
tracking system will also show different degrees of attenuation of the Kamin blocking effect. 
Therefore, it may also be expected that some of the goal tracking animals may actually 
express the Kamin blocking effect. In agreement with this idea, some of the animals in the 
goal tracking group in this experiment showed the Kamin blocking effect (Appendix 1). 
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Similarly, some animals in the sign tracking group may respond via the goal tracking system 
during phase 3. The goal tracking system would have acquired an association between the 
added cue and the reward because the goal tracking system does not support blocking. Thus, 
animals in the sign tracking group responding via the goal tracking system in phase 3 are 
expected to show an attenuation of the Kamin blocking effect. In agreement, some of the 
animals in the sign tracking group did not express the Kamin blocking effect (Appendix 1).  
The findings reported in this chapter are discussed further in the general discussion (chapter 
5). 
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5. General Discussion 
 
The main findings reported in this thesis are that blocking inhibition in the ventral tegmental 
area or inactivating the nucleus accumbens neurons during compound cue conditioning 
attenuates Kamin blocking. Inactivating the nucleus accumbens during single cue 
conditioning also attenuates Kamin blocking. Taken together, these findings suggest that 
inhibition in the ventral tegmental area, inhibitory output from the nucleus accumbens, and 
learning in the nucleus accumbens play crucial roles in the Kamin blocking effect. In 
addition, the current study also found that only sign tracking animals express Kamin 
blocking. The blocking effect is absent in goal tracking animals.  
The new findings reported in this thesis provide insight into the biological and psychological 
nature of the associative structures acquired during classical conditioning. In this chapter, the 
implications of the foregoing findings for theory of associative learning, and the underlying 
neural mechanisms are discussed. In section 5.1, the observation that Kamin blocking is 
absent in goal trackers is discussed with respect to the prediction error explanation of the 
blocking effect. Section 5.2 discusses another explanation for the deficit in blocking in goal 
trackers which is not discussed in section 5.1. Section 5.3 discusses the implications of the 
finding that goal trackers do not express the Kamin blocking effect on future attempts at 
demonstrating the blocking effect. In section 5.4, the possible roles of the core and shell 
subdivisions of the nucleus accumbens in the Kamin blocking effect are discussed. Section 
5.5 extends a previously proposed (Aggarwal et al., 2012) neural mechanism for reducing the 
reward evoked dopamine response when rewards are expected. Section 5.6 discusses the 
overall significance of the findings reported in this thesis. Lastly, section 5.7 discusses future 
research directions to build on the findings and ideas reported in this thesis.    
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5.1 Goal trackers and the prediction error learning explanation of the Kamin blocking 
effect 
The discovery of the Kamin blocking effect suggested that learning occurs only when 
outcomes deviate from expectations, that is, when there is an error in prediction. The 
prediction error explanation of the Kamin blocking effect has implications at two levels. One 
is at the neurophysiological level, in which midbrain dopamine neuron activity is assumed to 
represent reward prediction error. The other is at the level of behavioral theory. At this level, 
prediction error is abstract (not embodied) and is computed by cognitive processes. The 
present result that goal trackers do not express the Kamin blocking effect is consistent with 
the dopamine reward prediction error explanation of the blocking effect. However, this 
finding poses problems for the prediction error based theoretical explanation of the Kamin 
blocking effect for the following reason. 
During classical conditioning, the cue being conditioned can acquire both incentive and 
predictive properties. Incentive properties are demonstrated by eliciting approach and 
interaction with the cue, invigorating ongoing instrumental actions (Pavlovian-instrumental 
transfer) and acting as a reinforcer (secondary reinforcer). Predictive properties are 
demonstrated by eliciting approach and interaction with the reward location, and eliciting 
responses specific to the reward, such as licking or gnawing. Evidence suggests that there is a 
difference in which of these properties is acquired by the conditioned cue in goal and sign 
trackers.   
Conditioned cues develop incentive properties in sign trackers, but not in goal trackers. 
Conditioned cues elicit approach and interaction with the cue in sign trackers but not in goal 
trackers. Instead, in goal trackers, conditioned cues elicit approach and interaction with the 
expected location of reward delivery, such as the food tray. Further, conditioned cues act as a 
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secondary reinforcers only in sign trackers but not in goal trackers (Robinson & Flagel, 
2009). These findings suggest that conditioned cues develop incentive properties only in sign 
trackers, and not in goal trackers.  
On the other hand, conditioned cues develop predictive properties in both sign trackers and 
goal trackers. This is evidenced by the finding that conditioned cues elicit reward specific 
responses, such as licking or gnawing, in both goal trackers and sign trackers (Davey & 
Cleland, 1982; Flagel et al., 2011; Derman et al., 2018).  
The foregoing arguments suggest that in sign trackers conditioned cues develop both 
incentive and predictive properties. In goal trackers conditioned cues develop only predictive 
properties (Fig 5.1). However, although the conditioned cue develops predictive properties in 
goal trackers, the present study found that goal trackers do not express the Kamin blocking 
effect. This finding seems to contradict the prediction error based theoretical explanation of 
the blocking effect. In order to unravel this contradiction, one needs to examine what needs to 
be predicted in order to block conditioning of the added cue, and thus cause Kamin blocking.  
Evidence indicates that blocking depends on the conditioned cue providing an accurate 
estimate of the magnitude of the reward induced arousal of a general affective state. Blocking 
does not depend on the accuracy of prediction of the specific sensory and perceptual features 
Conditioned Cue Sign Trackers Goal Trackers 
Incentive Properties Yes No 
Predictive Properties Yes Yes 
Figure 5.1: Differences in the development of incentive and predictive properties of 
the conditioned cue in sign and goal trackers during classical conditioning. 
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of the reward. Blocking procedures typically use the same reward during phase 1 and phase 2 
of the Kamin blocking procedure. However, blocking occurs even when the rewards used in 
phase 1 and phase 2 are different flavored food pellets (Burke et al., 2007), or relevant to 
different deprivation states (hunger, thirst, etc), for example food and water (Ganesan & 
Pearce, 1988a). Thus, the degree of blocking does not depend on the prediction of the sensory 
specific features of the reinforcer. Instead, these findings suggest that rewards activate an 
affective state general to all rewards, and the activation of this general affective state by the 
prior conditioned cue is responsible for the Kamin blocking effect (Dickinson & Dearing, 
1979; Ganesan & Pearce, 1988a; Dickinson & Balleine, 2002; Balleine, 2005). In addition, 
blocking can be abolished by simply increasing the magnitude of the reinforcer from phase 1 
to phase 2, for example, giving one food pellet as the reward in phase 1 and three food pellets 
as the reward in phase 2 (Holland, 1984). Thus, the magnitude of reward induced arousal of 
an affective state general to all rewards needs to be accurately predicted for Kamin blocking 
to occur. 
The preceding argument suggests one way to reconcile the prediction error based theoretical 
explanation of the blocking effect and the finding that goal trackers do not express Kamin 
blocking despite the conditioned cue developing predictive properties in goal trackers. In goal 
trackers the conditioned cue acquires predictive properties relating to the sensory specific 
properties of the reward, thus eliciting a conditioned response consisting of an approach 
towards the reward location, and reward specific responses such as licking or gnawing. 
However, the conditioned cue fails to provide an accurate estimate of the magnitude of 
reward induced arousal of the general appetitive affective state in goal trackers. Thus, the 
goal trackers do not express the Kamin blocking effect. This explanation can be further 
elaborated, in terms of the underlying associative structures acquired as a result of learning 
during classical conditioning.    
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According to the Konorskian model of the associative structures underlying Pavlovian 
incentive learning (Fig. 5.2), when a cue is conditioned, it forms an association not only with 
the general affective state the reinforcer activates (appetitive or aversive), but also with the 
sensory and perceptual features of the reinforcer representation (Dickinson & Dearing, 1979; 
Dickinson & Balleine, 2002; Balleine, 2005). The presentation of the conditioned cue can 
then activate affective processes via either its direct link with the affective state or via the 
activation of the reinforcer representation, the latter being gated by the presence of the 
relevant motivational state (hunger, thirst, etc). It is possible that while the goal trackers form 
an association between the conditioned cue and the sensory and perceptual features of the 
reward, they form a weak or non-existent association between the conditioned cue and the 
general affective state activated by the reward. In case of such an associative structure, the 
conditioned cue would give rise to an underestimate of the affective arousal induced by the 
reward. This underestimate would result in an increase in prediction error when the expected 
Figure 5.2: Simplified version of the Konorskian model showing the two different 
pathways through which a conditioned cue, conditioned using an appetitive classical 
conditioning procedure, can activate the appetitive affective system. 
Cue 
Representation 
Reward 
Representation 
(Sensory and 
Perceptual Features) 
Appetitive Affective 
System 
Conditioned Cue 
(Appetitive) 
Reward 
Motivational 
Gate 
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reward is delivered, leading to conditioning of the added cue in phase 2 in goal trackers. An 
explanation for the weakness, in goal trackers, of the acquired association between the 
conditioned cue and the general affective state activated by the reinforcer is elaborated in the 
following arguments.  
In chapter four, it was argued that goal tracking and sign tracking behavior have different 
neural substrates, suggesting that different learning systems are responsible for the 
acquisition of the sign tracking and goal tracking behaviors. Lesaint et al., (2014) described a 
model framework that uses two parallel learning systems to account for the development of 
sign tracking and goal tracking behaviors in different individuals undergoing the same 
experimental paradigm. Their framework also results in the conditioned cue giving rise to an 
underestimate of the reward value in goal trackers. Here, it is argued that their framework 
also offers an explanation for the weakness, in goal trackers, of the association between the 
conditioned cue and the general affective state activated by the reward. 
Lesaint et al., (2014) argued that sign trackers focus their attention on the lever (when the 
lever extends) as well as the food magazine (once the lever retracts) prior to reward 
consumption and thus assign value to both the lever and the magazine. The goal trackers 
focus their attention only on the magazine prior to reward consumption and thus assign value 
only to the magazine. The prediction about the value of the reward is based on the current 
value of the cue in focus when the reward is delivered i.e. the lever for sign trackers and the 
magazine for goal trackers. They further argue that unrewarded interactions with the 
magazine during the inter trial interval (ITI) drive down the value of the magazine during the 
ITI. The lever is not present during the ITI, leaving the value associated with the lever 
unchanged during the ITI. Thus, in goal trackers, which use the magazine value to estimate 
the value of the upcoming reward, the asymptote of reward magnitude prediction is reached 
when the increment in magazine value, due to the reward prediction error generated when the 
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expected reward is received, exactly cancels the decrement in magazine value during the ITI. 
This results in a permanent underestimate of the reward magnitude in goal trackers. Here, it is 
argued that these unrewarded interactions with the magazine during the ITI also weaken the 
strength of the associations between the magazine and i) the general affective state activated 
by the reward, and ii) the sensory and perceptual features of the reward representation.  
The model proposed by Lesaint et al., (2014) offers a simple explanation for the observation 
that goal trackers do not express the Kamin blocking effect. Their model also makes several, 
behaviorally testable predictions (Lesaint et al., 2015). Some of these are, in goal trackers, i) 
decreasing the ITI should increase the asymptotic reward magnitude prediction and thus 
reduce the asymptotic reward prediction error at the time of delivery of the expected reward; 
ii) increasing the ITI should lead to a larger reduction in magazine value during the ITI, 
resulting in a smaller asymptotic prediction of reward value and thus an increase in the 
asymptotic reward prediction error at reward delivery; and iii) removing the food magazine 
during the ITI should increase asymptotic reward prediction to the level of the value of the 
reward being used for the conditioning procedure, and thus abolish the reward prediction 
error when the predicted reward is delivered.  
The predictions made by Lesaint and colleagues (Lesaint et al., 2014; Lesaint et al., 2015) 
can be extended to make predictions about the expression of the Kamin blocking effect. First, 
decreasing the ITI should increase the incidence of the blocking effect in goal trackers, and 
vice-versa. Second, removing the magazine during ITI should result in the expression of the 
Kamin blocking effect in goal trackers. A third prediction can be made from the theoretical 
basis for Lesaint and colleagues modelling studies. They argued that unrewarded interactions 
with the magazine during the ITI drive down its value and thus lead to a permanent 
underestimate of the reward value. This argument can be extended to argue that unrewarded 
interactions during the presence of the lever cue also drive its value down. It follows that 
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increasing the duration of the lever cue should result in a larger decrement in the value of the 
lever through unrewarded interactions, and thus result in a larger permanent underestimate of 
the reward value. Such an increase in the dopamine reward prediction error signal evoked by 
expected rewards has been observed when longer duration cues are used for classical 
conditioning procedures (Fiorillo et al., 2008). The foregoing argument leads to the 
prediction that increasing the duration of the lever cue should decrease the incidence of 
Kamin blocking in sign trackers. Experiments designed to test these predictions are needed to 
shine further light on the neural mechanisms underlying associative learning.  
The hypothesis developed here posits that goal trackers show a deficit in blocking because of 
what is learnt, or not learnt, during the single cue conditioning phase. From the associative 
learning theory point of view, it is argued that blocking is absent in goal trackers because 
they fail to form a robust association between the cue and the general affective properties of 
the reinforcer, and thus fail to accurately predict the magnitude of reinforcer induced 
affective arousal. From the neurophysiological substrates of the prediction error signal point 
of view, it is argued that the reduction in the dopamine response evoked by a reward when it 
is preceded by the conditioned cue is critical for the expression of blocking, and goal trackers 
do not show blocking because expected rewards elicit a robust dopamine response in these 
animals.  
To address how causal any criteria are in generating blocking, it is necessary to turn goal 
trackers into sign trackers to see if they still don’t show blocking and so directly test the 
hypothesis being developed here. Following either the associative learning theory or the 
neurophysiological dopamine reward prediction error signal explanation of the absence of 
blocking in goal trackers, instantaneously converting goal trackers into sign trackers should 
not lead to blocking in the goal trackers because instantaneous conversion does not change 
what has been learnt. On the other hand, after the emergence of the goal tracking response, 
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gradually converting goal trackers into sign trackers by manipulating learning should lead to 
blocking in this group of converted sign trackers.  
Gradual conversion of goal to sign tracking response can be done by manipulating 
experimental parameters to bias responses towards sign tracking for subsequent conditioning 
sessions until the goal tracking response changes to a sign tracking response. For example, 
increasing the inter-trial interval has been shown to increase the instance of sign tracking 
behavior (Lee et al., 2018). 
It might be possible to obtain instantaneous conversion from goal to sign tracking using the 
following manipulations. It has been suggested that the dopamine response elicited by 
conditioned cues in sign tracking animals is motivating and endows the conditioned cue with 
incentive salience, making it attractive and causing the animals to approach and interact with 
the cue (Flagel et al., 2011). The conditioned cue does not elicit a dopamine response in goal 
trackers (Flagel et al., 2011). Thus, one way to instantaneously convert goal tackers into sign 
trackers might be to stimulate the VTA dopamine neurons at the time of presentation of the 
conditioned cue. The ventral pallidum is also more active on cue presentation in sign trackers 
than in goal trackers (Ahrens et al., 2016; Ahrens et al., 2018), and inhibiting the ventral 
pallidum increases goal tracking behavior (Chang et al., 2015). Thus exciting the ventral 
pallidum at the time of presentation of the conditioned cue may also change goal trackers into 
sign trackers.  
 
5.2 An alternative explanation for the deficit in blocking in goal trackers 
In learning based accounts of Kamin blocking, the sum total of the prediction made by all the 
cues present before reinforcer delivery is used to calculate the prediction error at the time of 
reinforcer delivery. This common prediction error term is used to update the associative 
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strength of each of the reinforcer preceding cues. A critical feature of the learning based 
explanation of blocking is the use of this common error term.  
Another explanation for the deficit in blocking in goal trackers is as follows. Sign trackers 
use a common error term to update reinforcer predictions, thus showing blocking. On the 
other hand, goal trackers do not rely on prediction errors for updating associative strengths, 
and that temporal contiguity is sufficient for conditioning in goal trackers. Thus the goal 
trackers fail to show blocking. 
This alternative explanation can be tested by observing the effect of contingency on the goal 
tracking conditioned response to localized cues. The prediction would be, that after the 
development of a goal tracking response to a localized cue, contingency degradation by 
increasing the probability that the reinforcer occurs in the absence of the cue without 
changing the probability of reinforcer occurrence in the presence of the cue, will have no 
effect on the conditioned response. 
 
5.3 Goal trackers do not express the Kamin blocking effect – implications for future 
attempts at demonstrating the Kamin blocking effect 
Recently, Maes et al. (2016) reported several failures to replicate the Kamin blocking effect. 
The authors suggested that the conditions under which the Kamin blocking effect applies still 
need to be unraveled. The implications of the present finding – that Kamin blocking is 
attenuated in goal trackers – are as follows:  
First, experiments involving the demonstration of the Kamin blocking effect should only use 
those subjects that develop a sign tracking response during phase 1. Subjects that develop a 
goal tracking response in phase 1 should not be used for Kamin blocking procedures because 
the Kamin blocking effect is expected to be attenuated in these subjects.  
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Second, following from the foregoing condition, it is essential to use procedures in which 
sign tracking and goal tracking responses can be distinguished during phase 1, when 
attempting to demonstrate the Kamin blocking effect. This necessitates the use of only 
localized cues during phase 1 (see section 4.1). Further, to study Kamin blocking in the 
context of aversive conditioning, it is important to ascertain which conditioned responses 
acquired during aversive classical conditioning correspond to the sign and goal tracking 
responses seen in appetitive classical conditioning.  
Lastly, it is important to note that in the experiment reported in this thesis, not all goal 
trackers showed an attenuation in Kamin blocking, and not all sign trackers expressed the 
Kamin blocking effect (see appendix 1). This within group variation in the expression of the 
Kamin blocking effect is expected, as explained in section 4.4, and may at times interfere 
with attempts to demonstrate blocking in sign tracking subjects, resulting in the measure for 
the blocking effect not reaching significance. 
The finding that the Kamin blocking effect is attenuated in goal trackers provides insight into 
some of the conditions necessary for blocking to occur, and thus informs future 
demonstrations of the blocking effect. 
 
5.4 The role of the subdivisions of the nucleus accumbens in the expression of the 
Kamin blocking effect 
The new results reported in this thesis suggest that learning in the nucleus accumbens in 
phase 1 and the output of the nucleus accumbens in phase 2 are both necessary for the 
expression of the Kamin blocking effect. The nucleus accumbens consists of the core and 
shell subregions, and the experimental manipulations used in the experiments described in 
this thesis affect both the core and the shell. However, the core and shell subregions play 
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distinct roles in reward related behavior and have different anatomical connections. Thus it is 
important to consider how the differences between the core and shell subregions of the 
nucleus accumbens relate to the expression of the Kamin blocking effect.   
Anatomically, the NAc shell primarily projects to the VTA while the NAc core projects 
primarily to the substantia nigra (Groenewegen et al., 1999). This puts the NAc shell output 
in a unique position to directly modulate the firing of the dopamine neurons in the VTA. 
Behaviorally, studies of Pavlovian to instrumental transfer, which measure the effects of 
presenting classically conditioned cues on ongoing instrumental responding, suggest 
differences between the core and shell sub regions of the accumbens in mediating the effects 
of conditioned cues on behavior. Corbit and Balleine (2011) found that lesions of the NAc 
core abolished general Pavlovian to instrumental transfer while those of the shell abolished 
outcome specific Pavlovian to instrumental transfer. Further, disrupting the communication 
between the basolateral amygdala and the nucleus accumbens shell abolished specific 
Pavlovian to instrumental transfer, while disrupting the connections between the central 
nucleus of the amygdala and the nucleus accumbens core abolished general Pavlovian to 
instrumental transfer (Corbit & Balleine, 2005; 2011). These results taken together suggest 
that the general arousing effects of Pavlovian cues are mediated by the central nucleus of the 
amygdala – nucleus accumbens core pathway, whereas the basolateral amygdala – nucleus 
accumbens shell pathway mediates the arousing effects of the specific outcome 
representations activated by the Pavlovian cues.  
In relation to the Konorskian model described earlier (Fig. 5.2), the foregoing arguments 
suggest that the nucleus accumbens core pathway may directly link the conditioned cue and 
the affective state associated with the reward. On the other hand, the nucleus accumbens shell 
pathway may underlie the motivationally gated cue induced activation of the affective state 
 General Discussion 103 
via an activation of the reward representation. In this formulation, one would expect both the 
nucleus accumbens core and the shell to play a role in the expression of the Kamin blocking 
effect, since the total affective arousal depends on both these structures. In support of the 
view that Kamin blocking depends on both the outcome specific as well as general affective 
representations triggered by the conditioned cue, Burke et al. (2007) found that conditioned 
reinforcement can be mediated by the activation of either of these representations. 
Given these anatomical, behavioral and theoretical considerations, further experiments should 
test if the core and shell play different roles in controlling the inhibitory input to the VTA 
dopamine neurons and in computing the prediction error during classical conditioning, and in 
the expression of the Kamin blocking effect. 
 
5.5 A mechanism for acquiring the timed inhibition of the dopamine neurons  
In chapter 2, it was argued that a net increase in inhibitory input to the dopamine neurons at 
the time when reward delivery is expected counteracts the excitation produced by the reward, 
and reduces the dopamine response evoked by the reward when it is expected. The dopamine 
response evoked by the reward, when preceded by the cue being conditioned, declines 
gradually as classical conditioning progresses, suggesting that the strength of the timed 
inhibition of the dopamine neurons increases gradually over the course of classical 
conditioning. This inhibitory input is time-locked to the occurrence of the reward from the 
very beginning of the learning process (Pan et al., 2005; 2008), implying that the acquisition 
of the timing does not involve gradual temporal shift.  
Aggarwal et al., (2012) (appendix 2) proposed a learning mechanism by which such an 
increase in timed inhibitory input to the dopamine neurons may be acquired gradually over 
the course of classical conditioning. This mechanism is extended in the following arguments.  
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Experimental findings and theoretical models suggest that the presentation of a cue generates 
sequential neural activity unique to the cue, both in the striatum (Matell et al., 2003; Carrillo-
Reid et al., 2008; Jin et al., 2009; Ponzi & Wickens, 2010; Bakhurin et al., 2017) and in the 
cortex (Matell et al., 2003; Jin et al., 2009; Kim et al., 2013; Bakhurin et al., 2017). 
Modelling studies suggest that such sequential activity in the cortex and the striatum results 
in sequential input-output activity in cortico-striatal synapses unique to the cue (Ponzi & 
Wickens, 2012; Ponzi & Wickens, 2013). This cue driven sequential cortico-striatal activity 
has been suggested to depend on the strength of the cue driven cortical inputs to the striatum 
(Ponzi & Wickens, 2012). Here, it is suggested that the strengthening of cue driven cortical 
inputs to the striatum by reward induced dopamine transients increases the robustness of the 
cue generated sequential input-output activity in the cortico-striatal synapses. The following 
arguments detail how these two processes － the dopamine mediated strengthening of the cue 
driven cortical inputs to the striatum, and the cue generated sequential input-output activity in 
the cortico-striatal synapses unique to the cue － together produce the gradually increasing 
timed inhibition of dopamine neurons at the expected time of reward delivery.  
The current extension of the mechanism proposed by Aggarwal et al., (2012) － to account 
for the timed inhibition of dopamine neurons – makes three assumptions. First, the synaptic 
strength of the cortical inputs to the striatum is modified according to the three factor rule 
(Wickens & Kotter, 1995; Reynolds & Wickens, 2002; Izhikevich, 2007; Yagishita et al., 
2014). The three factor rule predicts that conjunction of pre and post synaptic activity will 
strengthen the synapse only in the presence of the phasic dopamine signal. In the absence of 
this phasic dopamine signal, the same activity pattern results in a depression of synaptic 
strength. Thus, dopamine transients evoked by a reward result in incremental strengthening of 
only those inputs to the striatum which are active in conjunction with post synaptic activity at 
the time of reward delivery.  
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The second assumption of the proposed mechanism is that at the very beginning of the first 
classical conditioning session, at least some of the cortico-striatal input-output units directly 
activated by cue presentation are also active at the time of reward delivery.   
The third assumption is that the robustness of the cue driven sequential input-output activity 
in the cortico-striatal synapses is dependent on the strength of the cue driven cortical inputs to 
the striatum (Ponzi & Wickens, 2012). Further, increasing robustness of cue generated 
sequential activity will lead to better conservation of cue generated sequential cortico-striatal 
activity across separate instances of cue presentation. Improvement of inter-trial conservation 
means that more of the cortico-striatal input-output units active at time t after cue 
presentation will be the same on every instance of cue presentation. However, external 
perturbations, such as inputs unrelated to the cue, will adversely affect inter-trial conservation 
of cue generated sequential input-output activity. The effects of random perturbations on 
inter-trial conservation of cue generated input-output activity in cortico-striatal synapses, and 
on learning of timed inhibition of dopamine neurons, will be discussed later in this section.  
The following arguments, using the three foregoing assumptions, describe a mechanism by 
which the gradually increasing timed inhibition of dopamine neurons at the expected time of 
reward delivery can be acquired over the course of classical conditioning. 
When a cue precedes reward delivery by a fixed duration, cue driven cortical inputs to the 
striatum active at the time of reward delivery (assumption 2) get incrementally strengthened 
by the reward induced phasic dopamine transient according to the three factor rule 
(assumption 1). Over several cue-reward pairings, the incremental strengthening of cue 
driven cortical inputs to the striatum add up, and result in an increase in the inter-trial 
conservation of the cue generated sequential input-output activity in the cortico-striatal 
synapses (assumption 3). As this process gradually strengthens the cue driven cortical inputs 
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to the striatum, the trial to trial changes or adjustments in the sequential activity generated by 
the cue become smaller and smaller, until the sequential activity becomes robust and 
conserved across trials.  
In parallel, with the increase in robustness and inter-trial conservation of the cue generated 
sequential input-output activity in the cortico-striatal synapses, increasingly the same cortico-
striatal input-output units are active at time t after cue presentation and therefore at the time 
of reward delivery (which always occur after a fixed time delay after cue presentation). Thus, 
increasingly, the same striatal input-output units are active on multiple instances of reward 
delivery, and the incremental strengthening (by the reward induced dopamine transient) of 
these inputs gradually adds up. This gradual strengthening of the cue generated input-output 
activity in the striatum present at the time of reward delivery increases the striatal throughput 
at the expected time of reward delivery. The increased striatal throughput either directly or 
indirectly results in the inhibition of the dopamine neurons at the expected time of reward 
delivery. During this neuronal learning process, the striatal throughput of the now robust cue 
generated activity pattern is maximally increased specifically at the time of reward 
occurrence, thus automatically timing the inhibition of the dopamine neurons to the expected 
time of reward delivery. An asymptote in the strengthening of the synapses is automatically 
reached when the timed inhibition onto the dopamine neurons completely abolishes the 
dopamine transients evoked by the reward. 
To summarize, the foregoing mechanism proposes that each input-output unit in the striatum 
active at the time of reward delivery is strengthened by the reward induced phasic dopamine 
transient in accordance with the three factor rule (defined earlier in this section). This process 
first leads to the strengthening of the cortical inputs to the striatum activated by the cue, 
which results in increasing the robustness and inter-trial conservation of the cue generated 
sequential input-output activity in the cortico-striatal synapses. The increase in inter-trial 
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conservation of cue generated sequential activity, increases the number of same input-output 
units active at the time of reward delivery across trials. Thus, increasingly, the same input-
output units are strengthened by the reward induced dopamine response. The co-occurrence 
of these input-output units is always maximum at the time of reward delivery － which 
always occurs a fixed delay after cue presentation － due to the inter-trial conservation of the 
cue generated sequential input-output activity in the striatum, and therefore the striatal 
throughput in increased specifically at the (expected) time of reward delivery. An asymptote 
in the increase of the timed inhibition of dopamine neurons is automatically reached when the 
timed inhibition onto the dopamine neurons completely abolishes the dopamine transients 
evoked by the reward. 
The foregoing mechanism accounts for the gradual increase in the strength of inhibition of 
dopamine neurons as classical conditioning progresses and also accounts for the occurrence 
of the specific timing of this inhibition of dopamine neurons to the expected time of reward 
delivery. However, this mechanism relies heavily on the development of robust cue generated 
sequential input-output activity in the cortico-striatal synapses and its inter-trial conservation. 
Both the development of robust sequential activity, and its inter-trial conservation, are 
adversely affected by random inputs unrelated to the cue.  
The cue generated activity is overlaid on an ongoing dynamic of input-output activity in the 
striatum. This ongoing dynamic in the striatum is expected to result in random inputs to the 
striatum unrelated to the cue which will interfere with the cue generated input-output activity 
in the striatum. The effect of this interference on the cue generated input-output activity in the 
striatum is expected to add up as more time elapses after cue presentation. Thus, the 
probability that a given number of input-output units in the striatum active at time t after cue 
presentation are a product of cue driven activity decays as time elapses from cue presentation. 
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The effect of this decay will be more prominent at the beginning of classical conditioning, 
since at that time the cue driven inputs to the striatum would have yet to undergo 
strengthening and would thus be relatively weak. This implies that the probability that a 
given number of cortico-striatal input-output units directly activated by cue presentation are 
also active at time t after cue presentation will be smaller at time points further away from the 
time of cue presentation (for larger t).   
Following from the foregoing argument, the probability that a given number of cortico-
striatal input-output units directly activated by cue presentation are also active at time of 
reward delivery (assumption 2) will be smaller as longer fixed delays between cue onset and 
reward delivery are used for classical conditioning. Thus, at longer fixed delays, fewer 
number of cue driven cortical inputs to the striatum will get incrementally strengthened on 
every trial, leading to slower per trial addition of the incremental strengthening of the cue 
driven cortical inputs to the striatum. This will lead to a slower increase in the robustness and 
inter-trial conservation of the cue generated sequential input-output activity in the cortico-
striatal synapses (assumption 3). Therefore, at longer fixed delays between cue onset and 
reward delivery, the per trial rate of increase － of the number of same input-output units 
active at the time of reward delivery across trials － will be slower. This will result in slower 
strengthening of the cue generated input-output activity present in the striatum at the time of 
reward delivery, and will reduce the per trial rate of increase of the timed inhibition of the 
dopamine neurons.  
The foregoing argument suggests that conditioning using longer time intervals between cue 
onset and reward delivery will result smaller increment, per trial, of the reduction of the 
dopamine response evoked by the reward when it is expected. Thus, the current extension of 
the mechanism proposed by Aggarwal et al., (2012) predicts that more cue-reward pairing 
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trials will be needed to extinguish the dopamine response evoked by the expected reward 
when longer time intervals between cue onset and reward delivery are used for conditioning. 
A corollary of this prediction is that, when the number of cue-reward pairings are held 
constant, the dopamine response evoked by the reward when preceded by the cue being 
conditioned will be greater when conditioned using longer time intervals between cue onset 
and reward delivery.  
In support of the current extension of the mechanism proposed by Aggarwal et al., (2012) for 
learning of the timed inhibition of dopamine neurons, Fiorillo et al. (2008) found that 
expected rewards evoke a larger dopamine response after a given number of cue-reward 
pairings when longer fixed time intervals between cue onset and reward delivery are used for 
conditioning. Fiorillo et al. (2008) conditioned 4 visual cues to the same reward such that the 
reward was delivered after a particular fixed delay from the onset of the cue. This delay was 
varied from 1-16s depending on the conditioned cue, that is, one cue was conditioned using a 
one second fixed delay, another cue was conditioned using a two second fixed delay, and so 
on. Each cue received an equal number of pairings with the reward.  
After more than 600 pairings of each cue with the reward, Fiorillo et al. (2008) found that the 
dopamine response evoked by the reward was much higher when preceded by the cue 
conditioned using longer fixed delays between cue onset and reward delivery than when 
preceded by cues conditioned using shorter fixed delays. Thus, when the number of cue-
reward pairings are held constant, the reduction in dopamine response evoked by the 
expected reward is inversely related to the duration of the cue-reward time interval used for 
conditioning. This finding supports the current extension of the mechanism proposed by 
Aggarwal et al., (2012) for neuronal learning of the timed inhibition of dopamine neurons at 
the expected time of reward delivery, although other explanations and mechanisms cannot be 
excluded without direct evidence.   
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A second prediction can be made from the current extension of the proposed mechanism 
(Aggarwal et al., 2012) and is elaborated as follows. As mentioned earlier, the foregoing 
mechanism relies on the development and inter-trial conservation of robust cue generated 
sequential input-output activity in the cortico-striatal synapses, which depends on the 
strengthening of those cortical inputs to the striatum which are activated by cue presentation. 
The strengthening of cue driven cortical inputs to the striatum occurs at the time of reward 
delivery according to the three factor rule, such that those cortico-striatal input-output units 
active at the time of the reward induced phasic dopamine signal are incrementally 
strengthened. However, there is a probability that the same input-output unit active at the 
time of reward delivery as a result of cue presentation may be active by chance outside of the 
cue-reward pairing protocol. Such chance activation of the input-output unit in the absence of 
the reward evoked phasic dopamine signal will result in weakening of that input-output unit 
according to the three factor rule.  
Previously in this section it was argued that classical conditioning procedures using longer 
time intervals between cue onset and reward delivery decreases probability that a given 
number of cortico-striatal input-output units directly activated by cue presentation are also 
active at time of reward delivery. Taken together with the foregoing argument, it is expected 
that at sufficiently long cue-reward time intervals the incremental strengthening of the 
reduced number of cue related input-output units active at the time of reward delivery on any 
given trial will be approximately cancelled by the weakening of cue related input-output units 
active by chance in the absence of the reward induced phasic dopamine signal. When this 
happens, an asymptote will be reached in the robustness of the sequential cortico-striatal 
input-output activity generated by the cue being conditioned, and this asymptotic robustness 
will be lesser than that required to fully and consistently cancel the dopamine response 
evoked by the reward. 
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Following from the foregoing argument, the current extension of the mechanism proposed by 
Aggarwal et al., (2012) also makes the following predictions if very long time intervals 
between cue onset and reward delivery are used for classical conditioning. First, the 
asymptotic timed inhibition of dopamine neurons at the expected time of reward delivery 
acquired through the mechanism described in this section will fail to fully cancel the reward 
induced excitatory drive onto the dopamine neurons, and thus the expected reward will 
always elicit a significant dopamine response. Second, the decrease in the asymptotic 
robustness of the cue generated sequential activity in the striatum may lead to larger trial to 
trial variation in the timed inhibition of dopamine neurons, thus increasing the variance of the 
dopamine response evoked by the expected reward. A strict numerical quantification of the 
cue-reward time intervals necessary to test these predictions requires mathematical 
formulation of the ideas proposed here which is beyond the scope of this thesis.  
 
5.6 Significance 
The results reported in this thesis show that the nucleus accumbens and the inhibitory inputs 
to the ventral tegmental area are involved in the expression of the Kamin blocking effect. 
Blocking depends on the accuracy, during the compound conditioning phase (phase 2), of the 
reward estimate generated by the cue conditioned in the single cue conditioning phase (phase 
1). Therefore, the nucleus accumbens and the inhibitory inputs to the ventral tegmental area 
may play an important role in the reward estimate generated by the conditioned cue.  
A neurophysiological correlate of the reward estimate, in the context of appetitive classical 
conditioning, is the dopamine reward prediction error signal. A reduction in the dopamine 
reward prediction error signal evoked by rewards when they are expected has previously been 
suggested to play a role in the Kamin blocking effect. In support of this hypothesis, chapter 4 
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reports that goal tracking animals, in which expected rewards have previously been shown to 
evoke a robust dopamine response, do not express the Kamin blocking effect. Conversely, 
animals in which expected rewards evoke a diminished dopamine response express the 
Kamin blocking effect.  
The finding that goal trackers do not express the Kamin blocking effect offers insight into 
how the associative structures acquired during classical conditioning interact to produce the 
conditioned response, and how they affect subsequent learning and the expression of the 
Kamin blocking effect. These insights are discussed in detail in sections 4.4 and 5.1. Briefly, 
in the context of appetitive conditioning, it is suggested here that goal tracking and sign 
tracking conditioned responses emerge depending on which of two associations is acquired 
during classical conditioning. One is the association between the cue representation and the 
reward representation. The other is the association between the cue representation and 
appetitive affective system. Which of these associations is dominant controls behavioral 
responding. Further, in animals that exhibit only a goal tracking response, acquisition of a 
direct association between the cue representation and the appetitive affective system activated 
by the reward during the single cue conditioning phase is weak at best. The weakness of the 
cue representation – appetitive affective system association results in an underestimate of the 
reward induced activation of the appetitive affective system in goal trackers, and this 
inaccurate estimate results in the attenuation of the Kamin blocking effect. 
 
5.7 Future directions 
Future research can extend the results reported in this thesis to provide greater insight into the 
neural mechanisms of associative learning and resulting behavioral adaptation. Experimental 
testing of the predictions made by the theories put forth in this thesis will increase 
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understanding of classical conditioning phenomena. Further, the development of 
experimental procedures aimed to identify different types of conditioned responses will help 
better investigate classical conditioning phenomena, and the underlying neural mechanisms.  
First, it is argued that the inhibitory inputs to the VTA, the output of the nucleus accumbens, 
and learning in the nucleus accumbens, are crucial to the expression of the Kamin blocking 
effect because they contribute to reducing the dopamine response evoked by rewards when 
they are expected. These hypotheses need to be tested by measuring the effects of the 
manipulations conducted in the experiments reported here, on the expected reward evoked 
increase in activity of the dopamine neurons in the VTA.  
Second, this thesis argues that two different learning mechanisms and associative structures 
underlie goal and sign tracking behaviors. As mentioned in section 5.1, Lesaint et al., (2014) 
proposed a model based on two learning mechanisms to account for the variance in the 
degree of goal and sign tracking behavior observed in rodents during classical conditioning. 
They made several experimentally testable predictions (Lesaint et al., 2015), which were 
extended in section 5.1 to make predictions about the expression of the Kamin blocking 
effect. Experiments designed to test these predictions will provide insight into the neural 
mechanisms underlying learning.  
Third, as argued in section 5.3, the shell and core regions play separate roles in reward related 
behavior, and may play distinguishable roles in the expression of the Kamin blocking effect. 
Further experiments specifically manipulating either the core or the shell are needed to test 
the roles of these sub regions of the nucleus accumbens in the Kamin blocking effect, and in 
reducing the dopamine response evoked by rewards when they are expected. 
Fourth, based on the Konorskian model of the associative structures underlying Pavlovian 
incentive learning (Fig. 5.2), in section 5.1 it was argued that goal trackers form a weaker 
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association between the cue representation and the general affective state activated by the 
reward than sign trackers. In section 5.3 is was argued that the nucleus accumbens core may 
play a role in the direct link between the conditioned cue and the affective state associated 
with the reward. It was also argued that the nucleus accumbens shell plays a role in the 
motivationally gated cue induced activation of the affective state associated with the reward 
via an activation of the reward representation. Taken together, these arguments of section 5.1 
and 5.3 lead to the following prediction. After classical conditioning, blocking the nucleus 
accumbens core output on probe trials in sign tracking animals is expected to increase the 
incidence of goal tracking responses on the probe trials in these animals. Similarly, blocking 
the nucleus accumbens shell output on probe trials in the goal trackers might increase the 
incidence of sign tracking responses on the probe trials in these animals. Experimental tests 
of these predictions will provide further insight into the neural pathways through which the 
different associative structures acquired during classical conditioning affect conditioned 
responding, and into the role of these different associative structures in producing various 
conditioned responses.  
Fifth, in section 5.4 a dopamine dependent learning mechanism is proposed for acquiring the 
timed inhibition of the dopamine neurons at the expected time of reward delivery. According 
to this mechanism, the cue generated cortico-striatal sequential activity becomes more robust 
and conserved across trials as classical conditioning progresses. The gradual development of 
this sequential activity needs to be experimentally tested. Further, according to the proposed 
mechanism, the production of the timed inhibition depends on the sequential cortico-striatal 
activity generated by cue presentation. Thus, the introduction of large amplitude 
perturbations in this sequential activity at any time point between cue onset and reward 
delivery on probe trials, possibly via optogenetic inhibition of excitation of the striatal 
neurons, might sufficiently perturb the sequential activity and cause an increase in the 
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dopamine response evoked by the expected reward. Mathematical formulation of the 
mechanism proposed here will help formalize predictions which can be experimentally tested.  
Lastly, as mentioned in section 5.5, it is important for appetitive classical conditioning 
procedures to use localized cues to allow for the identification of goal and sign tracking 
conditioned responses. Further, there is a need to identify correlates of sign and goal tracking 
behavior in the context of aversive classical conditioning. The development and 
standardization of procedures to evaluate the development of goal and sign tracking 
conditioned responses will provide a better experimental model to study the different 
associative structures formed during associative learning from the points of view of neural 
mechanisms of acquisition, neural pathways through which they influence behavior, and their 
effects on behavior.  
 References 116 
References 
Aggarwal, M., Hyland, B.I. & Wickens, J.R. (2012) Neural control of dopamine neurotransmission: 
implications for reinforcement learning. Eur J Neurosci, 35, 1115-1123. 
 
Ahrens, A.M., Ferguson, L.M., Robinson, T.E. & Aldridge, J.W. (2018) Dynamic Encoding of Incentive 
Salience in the Ventral Pallidum: Dependence on the Form of the Reward Cue. eNeuro, 5. 
 
Ahrens, A.M., Meyer, P.J., Ferguson, L.M., Robinson, T.E. & Aldridge, J.W. (2016) Neural Activity in 
the Ventral Pallidum Encodes Variation in the Incentive Value of a Reward Cue. J Neurosci, 
36, 7957-7970. 
 
Anden, N.E., Carlsson, A., Dahlstroem, A., Fuxe, K., Hillarp, N.A. & Larsson, K. (1964) Demonstration 
and Mapping out of Nigro-Neostriatal Dopamine Neurons. Life sciences, 3, 523-530. 
 
Aoki, S., Liu, A.W., Akamine, Y., Zucca, A., Zucca, S. & Wickens, J.R. (2018) Cholinergic interneurons in 
the rat striatum modulate substitution of habits. Eur J Neurosci, 47, 1194-1205. 
 
Aoki, S., Liu, A.W., Zucca, A., Zucca, S. & Wickens, J.R. (2015) Role of Striatal Cholinergic Interneurons 
in Set-Shifting in the Rat. J Neurosci, 35, 9424-9431. 
 
Armbruster, B.N., Li, X., Pausch, M.H., Herlitze, S. & Roth, B.L. (2007) Evolving the lock to fit the key 
to create a family of G protein-coupled receptors potently activated by an inert ligand. Proc 
Natl Acad Sci U S A, 104, 5163-5168. 
 
Bakhurin, K.I., Goudar, V., Shobe, J.L., Claar, L.D., Buonomano, D.V. & Masmanidis, S.C. (2017) 
Differential Encoding of Time by Prefrontal and Striatal Network Dynamics. J Neurosci, 37, 
854-870. 
 
Balleine, B.W. (2005) Incentive Behavior. In Whishaw, I.Q., Kolb, B. (eds) The Behavior of the 
Laboratory Rat: A Handbook with Tests. Oxford University Press, pp. 436-446. 
 
Barrot, M., Sesack, S.R., Georges, F., Pistis, M., Hong, S. & Jhou, T.C. (2012) Braking Dopamine 
Systems: A New GABA Master Structure for Mesolimbic and Nigrostriatal Functions. Journal 
of Neuroscience, 32, 14094-14101. 
 
Bentivoglio, M. & Morelli, M. (2005) The organization and circuits of mesencephalic dopaminergic 
neurons and the distribution of dopamine receptors in the brain. In Dunnett, S.B., 
Bentivoglio, M., Björklund, A., Hökfelt, T. (eds) Handbook of Chemical Neuroanatomy. 
Elsevier, pp. 1-107. 
 
Berger, B., Tassin, J.P., Blanc, G., Moyne, M.A. & Thierry, A.M. (1974) Histochemical confirmation for 
dopaminergic innervation of the rat cerebral cortex after destruction of the noradrenergic 
ascending pathways. Brain Res, 81, 332-337. 
 References 117 
 
Bjorklund, A. & Dunnett, S.B. (2007) Dopamine neuron systems in the brain: an update. Trends 
Neurosci, 30, 194-202. 
 
Bjorklund, A. & Lindvall, O. (1978) The mesotelencephalic dopamine neuron system: a review of its 
anatomy. In Livingston, K.E., Hornykiewicz, O. (eds) Limbic Mechanisms. Plenum Press, New 
York, pp. 307-321. 
 
Blaisdell, A.P., Kenneth, J.L., Stahlman, W.D. & Waldmann, M.R. (2009) Rats Distinguish Between 
Absence of Events and Lack of Information in Sensory Preconditioning. International Journal 
of Comparative Psychology, 22, 1-18. 
 
Blanchard, R. & Honig, W.K. (1976) Surprise Value of Food Determines Its Effectiveness as a 
Reinforcer. J Exp Psychol Anim B, 2, 67-74. 
 
Boakes, R.A. (1977) Performance on learning to associate a stimulus with positive reinforcement. In 
David, H., Hurwitz, H.M.B. (eds) Operant-Pavlovian interactions. Lawrence Erlbaum 
Associates, Hillsdale, New Jersey, pp. 67-97. 
 
Bocklisch, C., Pascoli, V., Wong, J.C.Y., House, D.R.C., Yvon, C., de Roo, M., Tan, K.R. & Luscher, C. 
(2013) Cocaine Disinhibits Dopamine Neurons by Potentiation of GABA Transmission in the 
Ventral Tegmental Area. Science, 341, 1521-1525. 
 
Bouton, M.E. (2007) Learning and behavior: A contemporary synthesis. Sinauer Associates, 
Sunderland, MA, US. 
 
Breton, J.M., Charbit, A.R., Snyder, B.J., Fong, P.T.K., Dias, E.V., Himmels, P., Lock, H. & Margolis, E.B. 
(2019) Relative contributions and mapping of ventral tegmental area dopamine and GABA 
neurons by projection target in the rat. J Comp Neurol, 527, 916-941. 
 
Brog, J.S., Salyapongse, A., Deutch, A.Y. & Zahm, D.S. (1993) The patterns of afferent innervation of 
the core and shell in the "accumbens" part of the rat ventral striatum: immunohistochemical 
detection of retrogradely transported fluoro-gold. J Comp Neurol, 338, 255-278. 
 
Bromberg-Martin, E.S., Matsumoto, M. & Hikosaka, O. (2010a) Distinct tonic and phasic anticipatory 
activity in lateral habenula and dopamine neurons. Neuron, 67, 144-155. 
 
Bromberg-Martin, E.S., Matsumoto, M., Nakahara, H. & Hikosaka, O. (2010b) Multiple Timescales of 
Memory in Lateral Habenula and Dopamine Neurons. Neuron, 67, 499-510. 
 
Bronstein, P.M., Neiman, H., Wolkoff, F.D. & Levine, M.J. (1974) The development of habituation in 
the rat. Anim Learn Behav, 2, 92-96. 
 
 References 118 
Brown, J., Bullock, D. & Grossberg, S. (1999) How the basal ganglia use parallel excitatory and 
inhibitory learning pathways to selectively respond to unexpected rewarding cues. J 
Neurosci, 19, 10502-10511. 
 
Burke, K.A., Franz, T.M., Miller, D.N. & Schoenbaum, G. (2007) Conditioned reinforcement can be 
mediated by either outcome-specific or general affective representations. Front Integr 
Neurosci, 1, 2. 
 
Calabresi, P., Gubellini, P., Centonze, D., Picconi, B., Bernardi, G., Chergui, K., Svenningsson, P., 
Fienberg, A.A. & Greengard, P. (2000) Dopamine and cAMP-regulated phosphoprotein 32 
kDa controls both striatal long-term depression and long-term potentiation, opposing forms 
of synaptic plasticity. J Neurosci, 20, 8443-8451. 
 
Carrillo-Reid, L., Tecuapetla, F., Tapia, D., Hernandez-Cruz, A., Galarraga, E., Drucker-Colin, R. & 
Bargas, J. (2008) Encoding network states by striatal cell assemblies. J Neurophysiol, 99, 
1435-1450. 
 
Celada, P., Paladini, C.A. & Tepper, J.M. (1999) GABAergic control of rat substantia nigra 
dopaminergic neurons: role of globus pallidus and substantia nigra pars reticulata. 
Neuroscience, 89, 813-825. 
 
Chang, S.E., Todd, T.P., Bucci, D.J. & Smith, K.S. (2015) Chemogenetic manipulation of ventral pallidal 
neurons impairs acquisition of sign-tracking in rats. Eur J Neurosci, 42, 3105-3116. 
 
Cohen, J.Y., Haesler, S., Vong, L., Lowell, B.B. & Uchida, N. (2012) Neuron-type-specific signals for 
reward and punishment in the ventral tegmental area. Nature. 
 
Corbit, L.H. & Balleine, B.W. (2005) Double dissociation of basolateral and central amygdala lesions 
on the general and outcome-specific forms of pavlovian-instrumental transfer. J Neurosci, 
25, 962-970. 
 
Corbit, L.H. & Balleine, B.W. (2011) The general and outcome-specific forms of Pavlovian-
instrumental transfer are differentially mediated by the nucleus accumbens core and shell. J 
Neurosci, 31, 11786-11794. 
 
Corbit, L.H., Muir, J.L. & Balleine, B.W. (2001) The role of the nucleus accumbens in instrumental 
conditioning: Evidence of a functional dissociation between accumbens core and shell. J 
Neurosci, 21, 3251-3260. 
 
Dahlstroem, A. & Fuxe, K. (1964) Evidence for the Existence of Monoamine-Containing Neurons in 
the Central Nervous System. I. Demonstration of Monoamines in the Cell Bodies of Brain 
Stem Neurons. Acta Physiol Scand Suppl, SUPPL 232:231-255. 
 
Darvas, M., Wunsch, A.M., Gibbs, J.T. & Palmiter, R.D. (2014) Dopamine dependency for acquisition 
and performance of Pavlovian conditioned response. P Natl Acad Sci USA, 111, 2764-2769. 
 References 119 
 
Davey, G.C. & Cleland, G.G. (1982) Topography of signal-centered behavior in the rat: Effects of 
deprivation state and reinforcer type. J Exp Anal Behav, 38, 291-304. 
 
Davey, G.C., Oakley, D. & Cleland, G.G. (1981) Autoshaping in the rat: Effects of omission on the form 
of the response. J Exp Anal Behav, 36, 75-91. 
 
Day, J.J., Roitman, M.F., Wightman, R.M. & Carelli, R.M. (2007) Associative learning mediates 
dynamic shifts in dopamine signaling in the nucleus accumbens. Nat Neurosci, 10, 1020-
1028. 
 
Deniau, J.M., Kitai, S.T., Donoghue, J.P. & Grofova, I. (1982) Neuronal interactions in the substantia 
nigra pars reticulata through axon collaterals of the projection neurons. An 
electrophysiological and morphological study. Exp Brain Res, 47, 105-113. 
 
Derman, R.C., Schneider, K., Juarez, S. & Delamater, A.R. (2018) Sign-tracking is an expectancy-
mediated behavior that relies on prediction error mechanisms. Learn Mem, 25, 550-563. 
 
DeVito, J.L. & Anderson, M.E. (1982) An autoradiographic study of efferent connections of the globus 
pallidus in Macaca mulatta. Exp Brain Res, 46, 107-117. 
 
Di Ciano, P., Cardinal, R.N., Cowell, R.A., Little, S.J. & Everitt, B.J. (2001) Differential involvement of 
NMDA, AMPA/kainate, and dopamine receptors in the nucleus accumbens core in the 
acquisition and performance of pavlovian approach behavior. J Neurosci, 21, 9471-9477. 
 
Di Ciano, P., Robbins, T.W. & Everitt, B.J. (2008) Differential effects of nucleus accumbens core, shell, 
or dorsal striatal inactivations on the persistence, reacquisition, or reinstatement of 
responding for a drug-paired conditioned reinforcer. Neuropsychopharmacology, 33, 1413-
1425. 
 
Dickinson, A. & Balleine, B. (2002) The Role of Learning in the Operation of Motivational Systems 
Stevens' Handbook of Experimental Psychology. John Wiley & Sons, Inc. 
 
Dickinson, A. & Dearing, M., F. (1979) Appetitive-aversive interactions and inhibitory processes. In 
Dickinson, A., Boakes, R.A. (eds) Mechansim of learning and motivation. Hillsdale NJ: 
Erlbaum, pp. 203-231. 
 
Edwards, N.J., Tejeda, H.A., Pignatelli, M., Zhang, S., McDevitt, R.A., Wu, J., Bass, C.E., Bettler, B., 
Morales, M. & Bonci, A. (2017) Circuit specificity in the inhibitory architecture of the VTA 
regulates cocaine-induced behavior. Nat Neurosci, 20, 438-448. 
 
Eshel, N., Bukwich, M., Rao, V., Hemmelder, V., Tian, J. & Uchida, N. (2015) Arithmetic and local 
circuitry underlying dopamine prediction errors. Nature, 525, 243-246. 
 
 References 120 
Fallon, J.H., Koziell, D.A. & Moore, R.Y. (1978) Catecholamine Innervation of Basal Forebrain .2. 
Amygdala, Suprarhinal Cortex and Entorhinal Cortex. Journal of Comparative Neurology, 180, 
509-531. 
 
Fallon, J.H. & Moore, R.Y. (1976) Catecholamine Neuron Innervation of Rat Amygdala. Anat Rec, 184, 
399-399. 
 
Fallon, J.H. & Moore, R.Y. (1978a) Catecholamine Innervation of Basal Forebrain .3. Olfactory-Bulb, 
Anterior Olfactory Nuclei, Olfactory Tubercle and Piriform Cortex. Journal of Comparative 
Neurology, 180, 533-544. 
 
Fallon, J.H. & Moore, R.Y. (1978b) Catecholamine Innervation of Basal Forebrain .4. Topography of 
Dopamine Projection to Basal Forebrain and Neostriatum. Journal of Comparative 
Neurology, 180, 545-&. 
 
Farwell, B.J. & Ayres, J.J.B. (1979) Stimulus-reinforcer and Response-Reinforcer Relations in the 
Control of Conditioned Appetitive Headpoking ("Goal Tracking") in Rats. Learn Motiv, 10, 
295-312. 
 
Felten, D.L. & Sladek, J.R., Jr. (1983) Monoamine distribution in primate brain V. Monoaminergic 
nuclei: anatomy, pathways and local organization. Brain Res Bull, 10, 171-284. 
 
Fiorillo, C.D., Newsome, W.T. & Schultz, W. (2008) The temporal precision of reward prediction in 
dopamine neurons. Nat Neurosci. 
 
Flagel, S.B., Clark, J.J., Robinson, T.E., Mayo, L., Czuj, A., Willuhn, I., Akers, C.A., Clinton, S.M., Phillips, 
P.E. & Akil, H. (2011) A selective role for dopamine in stimulus-reward learning. Nature, 469, 
53-57. 
 
Floresco, S.B., Blaha, C.D., Yang, C.R. & Phillips, A.G. (2001a) Dopamine D1 and NMDA receptors 
mediate potentiation of basolateral amygdala-evoked firing of nucleus accumbens neurons. 
J Neurosci, 21, 6370-6376. 
 
Floresco, S.B., Blaha, C.D., Yang, C.R. & Phillips, A.G. (2001b) Modulation of hippocampal and 
amygdalar-evoked activity of nucleus accumbens neurons by dopamine: cellular mechanisms 
of input selection. J Neurosci, 21, 2851-2860. 
 
Floresco, S.B., West, A.R., Ash, B., Moore, H. & Grace, A.A. (2003) Afferent modulation of dopamine 
neuron firing differentially regulates tonic and phasic dopamine transmission. Nat Neurosci, 
6, 968-973. 
 
Ganesan, R. & Pearce, J.M. (1988a) Effect of Changing the Unconditioned Stimulus on Appetitive 
Blocking. J Exp Psychol Anim B, 14, 280-291. 
 
 References 121 
Ganesan, R. & Pearce, J.M. (1988b) Interactions between Conditioned-Stimuli for Food and Water in 
the Rat. Q J Exp Psychol-B, 40, 229-241. 
 
Geisler, S. & Zahm, D.S. (2005) Afferents of the ventral tegmental area in the rat-anatomical 
substratum for integrative functions. Journal of Comparative Neurology, 490, 270-294. 
 
Gerfen, C.R. (1984) The Neostriatal Mosaic - Compartmentalization of Corticostriatal Input and 
Striatonigral Output Systems. Nature, 311, 461-464. 
 
Gerfen, C.R., Herkenham, M. & Thibault, J. (1987) The Neostriatal Mosaic .2. Patch-Directed and 
Matrix-Directed Mesostriatal Dopaminergic and Nondopaminergic Systems. Journal of 
Neuroscience, 7, 3915-3934. 
 
Gomez, J.L., Bonaventura, J., Lesniak, W., Mathews, W.B., Sysa-Shah, P., Rodriguez, L.A., Ellis, R.J., 
Richie, C.T., Harvey, B.K., Dannals, R.F., Pomper, M.G., Bonci, A. & Michaelides, M. (2017) 
Chemogenetics revealed: DREADD occupancy and activation via converted clozapine. 
Science, 357, 503-507. 
 
Goncalves, L., Sego, C. & Metzger, M. (2012) Differential projections from the lateral habenula to the 
rostromedial tegmental nucleus and ventral tegmental area in the rat. Journal of 
Comparative Neurology, 520, 1278-1300. 
 
Grace, A.A. & Bunney, B.S. (1983) Intracellular and Extracellular Electrophysiology of Nigral 
Dopaminergic-Neurons .1. Identification and Characterization. Neuroscience, 10, 301-&. 
 
Grace, A.A. & Bunney, B.S. (1984a) The control of firing pattern in nigral dopamine neurons: burst 
firing. J Neurosci, 4, 2877-2890. 
 
Grace, A.A. & Bunney, B.S. (1984b) The control of firing pattern in nigral dopamine neurons: single 
spike firing. J Neurosci, 4, 2866-2876. 
 
Grace, A.A., Floresco, S.B., Goto, Y. & Lodge, D.J. (2007) Regulation of firing of dopaminergic neurons 
and control of goal-directed behaviors. Trends Neurosci, 30, 220-227. 
 
Grace, A.A. & Onn, S.P. (1989) Morphology and Electrophysiological Properties of 
Immunocytochemically Identified Rat Dopamine Neurons Recorded Invitro. Journal of 
Neuroscience, 9, 3463-3481. 
 
Grillner, P. & Mercuri, N.B. (2002) Intrinsic membrane properties and synaptic inputs regulating the 
firing activity of the dopamine neurons. Behav Brain Res, 130, 149-169. 
 
Grillner, S., Markram, H., De Schutter, E., Silberberg, G. & LeBeau, F.E. (2005) Microcircuits in action--
from CPGs to neocortex. Trends Neurosci, 28, 525-533. 
 
 References 122 
Groenewegen, H.J., Berendse, H.W. & Haber, S.N. (1993) Organization of the Output of the Ventral 
Striatopallidal System in the Rat - Ventral Pallidal Efferents. Neuroscience, 57, 113-142. 
 
Groenewegen, H.J., Wright, C.I., Beijer, A.V. & Voorn, P. (1999) Convergence and segregation of 
ventral striatal inputs and outputs. Ann N Y Acad Sci, 877, 49-63. 
 
Gurden, H., Takita, M. & Jay, T.M. (2000) Essential role of D1 but not D2 receptors in the NMDA 
receptor-dependent long-term potentiation at hippocampal-prefrontal cortex synapses in 
vivo. Journal of Neuroscience, 20, art. no.-RC106. 
 
Hand, T.H., Hu, X.T. & Wang, R.Y. (1987) Differential effects of acute clozapine and haloperidol on 
the activity of ventral tegmental (A10) and nigrostriatal (A9) dopamine neurons. Brain Res, 
415, 257-269. 
 
Hart, A.S., Rutledge, R.B., Glimcher, P.W. & Phillips, P.E.M. (2014) Phasic Dopamine Release in the 
Rat Nucleus Accumbens Symmetrically Encodes a Reward Prediction Error Term. Journal of 
Neuroscience, 34, 698-704. 
 
Hearst, E. & Jenkins, H.M. (1974) Sign-tracking: The Stimulus-reinforcer Relation and Directed Action. 
Psychonomic Society. 
 
Heimer, L., Zahm, D.S., Churchill, L., Kalivas, P.W. & Wohltmann, C. (1991) Specificity in the 
projection patterns of accumbal core and shell in the rat. Neuroscience, 41, 89-125. 
 
Hjelmstad, G.O., Xia, Y.F., Margolis, E.B. & Fields, H.L. (2013) Opioid Modulation of Ventral Pallidal 
Afferents to Ventral Tegmental Area Neurons. Journal of Neuroscience, 33, 6454-6459. 
 
Holland, P.C. (1979) Differential effects of omission contingencies on various components of 
Pavlovian appetitive conditioned responding in rats. J Exp Psychol Anim Behav Process, 5, 
178-193. 
 
Holland, P.C. (1984) Unblocking in Pavlovian Appetitive Conditioning. J Exp Psychol Anim B, 10, 476-
497. 
 
Holland, P.C., Asem, J.S., Galvin, C.P., Keeney, C.H., Hsu, M., Miller, A. & Zhou, V. (2014) Blocking in 
autoshaped lever-pressing procedures with rats. Learn Behav, 42, 1-21. 
 
Hollerman, J.R. & Schultz, W. (1998) Dopamine neurons report an error in the temporal prediction of 
reward during learning. Nat Neurosci, 1, 304-309. 
 
Hong, S. & Hikosaka, O. (2008) The Globus Pallidus Sends Reward-Related Signals to the Lateral 
Habenula. Neuron, 60, 720-729. 
 
 References 123 
Hyland, B.I., Reynolds, J.N., Hay, J., Perk, C.G. & Miller, R. (2002) Firing modes of midbrain dopamine 
cells in the freely moving rat. Neuroscience, 114, 475-492. 
 
Ikemoto, S. (2007) Dopamine reward circuitry: two projection systems from the ventral midbrain to 
the nucleus accumbens-olfactory tubercle complex. Brain Res Rev, 56, 27-78. 
 
Ito, N., Ishida, H., Miyakawa, F. & Naito, H. (1974) Microelectrode study of projections from the 
amygdaloid complex to the nucleus accumbens in the cat. Brain Res, 67, 338-341. 
 
Itskov, V., Curto, C., Pastalkova, E. & Buzsaki, G. (2011) Cell Assembly Sequences Arising from Spike 
Threshold Adaptation Keep Track of Time in the Hippocampus. Journal of Neuroscience, 31, 
2828-2834. 
 
Izhikevich, E.M. (2007) Solving the distal reward problem through linkage of STDP and dopamine 
signaling. Cereb Cortex, 17, 2443-2452. 
 
Jhou, T.C., Geisler, S., Marinelli, M., Degarmo, B.A. & Zahm, D.S. (2009) The Mesopontine 
Rostromedial Tegmental Nucleus: A Structure Targeted by the Lateral Habenula That 
Projects to the Ventral Tegmental Area of Tsai and Substantia Nigra Compacta. Journal of 
Comparative Neurology, 513, 566-596. 
 
Jimenez-Castellanos, J. & Graybiel, A.M. (1987) Subdivisions of the dopamine-containing A8-A9-A10 
complex identified by their differential mesostriatal innervation of striosomes and 
extrastriosomal matrix. Neuroscience, 23, 223-242. 
 
Jin, D.Z., Fujii, N. & Graybiel, A.M. (2009) Neural representation of time in cortico-basal ganglia 
circuits. Proc Natl Acad Sci U S A, 106, 19156-19161. 
 
Jongen-Relo, A.L., Kaufmann, S. & Feldon, J. (2002) A differential involvement of the shell and core 
subterritories of the nucleus accumbens of rats in attentional processes. Neuroscience, 111, 
95-109. 
 
Joshua, M., Adler, A., Prut, Y., Vaadia, E., Wickens, J.R. & Bergman, H. (2009) Synchronization of 
midbrain dopaminergic neurons is enhanced by rewarding events. Neuron, 62, 695-704. 
 
Kamin, L., J. (1969a) Selective association and conditioning. In Mackintosh, N., J., Honig, W., K. (eds) 
Fundamental issues in associative learning. Halifax, Nova Scotia: Dalhousie University Press, 
pp. 42-64. 
 
Kamin, L.J. (1968) “Attention-like” processes in classical conditioning. In Jones, M.R. (ed) Miami 
Symposium on the Prediction of Behavior: Aversive Stimulation University of Miami Press, 
Miami, pp. 9-33. 
 
 References 124 
Kamin, L.J. (1969b) Predictability, surprise, attention, and conditioning. In B. A. Campbell, Church, 
R.M. (eds) Punishment and Aversive Behavior. New York: Appleton-Century-Crofts, pp. 279-
296. 
 
Kaufling, J., Veinante, P., Pawlowski, S.A., Freund-Mercier, M.J. & Barrot, M. (2010) gamma-
Aminobutyric Acid Cells with Cocaine-Induced Delta FosB in the Ventral Tegmental Area 
Innervate Mesolimbic Neurons. Biol Psychiat, 67, 88-92. 
 
Kerr, J.N. & Wickens, J.R. (2001) Dopamine D-1/D-5 receptor activation is required for long-term 
potentiation in the rat neostriatum in vitro. J Neurophysiol, 85, 117-124. 
 
Khallad, Y. & Moore, J. (1996) Blocking, unblocking, and overexpectation in autoshaping with 
pigeons. J Exp Anal Behav, 65, 575-591. 
 
Kim, J., Ghim, J.W., Lee, J.H. & Jung, M.W. (2013) Neural correlates of interval timing in rodent 
prefrontal cortex. J Neurosci, 33, 13834-13847. 
 
Kirouac, G.J. & Ganguly, P.K. (1995) Topographical organization in the nucleus accumbens of 
afferents from the basolateral amygdala and efferents to the lateral hypothalamus. 
Neuroscience, 67, 625-630. 
 
Koralek, A.C., Jin, X., Ii, J.D.L., Costa, R.M. & Carmena, J.M. (2012) Corticostriatal plasticity is 
necessary for learning intentional neuroprosthetic skills. Nature, 483, 331-335. 
 
Lacey, M.G., Mercuri, N.B. & North, R.A. (1989) Two cell types in rat substantia nigra zona compacta 
distinguished by membrane properties and the actions of dopamine and opioids. J Neurosci, 
9, 1233-1241. 
 
Lee, B., Gentry, R.N., Bissonette, G.B., Herman, R.J., Mallon, J.J., Bryden, D.W., Calu, D.J., 
Schoenbaum, G., Coutureau, E., Marchand, A.R., Khamassi, M. & Roesch, M.R. (2018) 
Manipulating the revision of reward value during the intertrial interval increases sign 
tracking and dopamine release. Plos Biol, 16, e2004015. 
 
Lesaint, F., Sigaud, O., Clark, J.J., Flagel, S.B. & Khamassi, M. (2015) Experimental predictions drawn 
from a computational model of sign-trackers and goal-trackers. Journal of Physiology-Paris, 
109, 78-86. 
 
Lesaint, F., Sigaud, O., Flagel, S.B., Robinson, T.E. & Khamassi, M. (2014) Modelling individual 
differences in the form of Pavlovian conditioned approach responses: a dual learning 
systems approach with factored representations. PLoS Comput Biol, 10, e1003466. 
 
Leyland, C.M. & Mackintosh, N.J. (1978) Blocking of 1st-Order and 2nd-Order Autoshaping in 
Pigeons. Anim Learn Behav, 6, 391-394. 
 
 References 125 
Lindvall, O. & Bjorklund, A. (1983) Dopamine-and norepinephrine-containing neuron systems: their 
anatomy in the rat brain. In Emson, P.C. (ed) Chemical Neuroanatomy. Raven Press, New 
York, pp. 229-256. 
 
Lisman, J.E. & Grace, A.A. (2005) The hippocampal-VTA loop: Controlling the entry of information 
into long-term memory. Neuron, 46, 703-713. 
 
Liu, A.W., Aoki, S. & Wickens, J.R. (2017) A Streamlined Method for the Preparation of Gelatin 
Embedded Brains and Simplified Organization of Sections for Serial Reconstructions. Bio-
protocol 7, e2610. 
 
Ljungberg, T., Apicella, P. & Schultz, W. (1991) Responses of monkey midbrain dopamine neurons 
during delayed alternation performance. Brain Res, 567, 337-341. 
 
Lodge, D.J. & Grace, A.A. (2006) The hippocampus modulates dopamine neuron responsivity by 
regulating the intensity of phasic neuron activation. Neuropsychopharmacology, 31, 1356-
1361. 
 
Lubow, R.E. (1973a) Latent inhibition. Psychol Bull, 79, 398-407. 
 
Lubow, R.E. (1973b) Latent inhibition as a means of behavior prophylaxis. Psychol Rep, 32, 1247-
1252. 
 
Mackintosh, N.J. (1975) A theory of attention: Variations in the associability of stimuli with 
reinforcement. Psychol Rev, 82, 276-298. 
 
Maes, E., Boddez, Y., Alfei, J.M., Krypotos, A.M., D'Hooge, R., De Houwer, J. & Beckers, T. (2016) The 
Elusive Nature of the Blocking Effect: 15 Failures to Replicate. J Exp Psychol Gen, 145, E49-
E71. 
 
Manvich, D.F., Webster, K.A., Foster, S.L., Farrell, M.S., Ritchie, J.C., Porter, J.H. & Weinshenker, D. 
(2018) The DREADD agonist clozapine N-oxide (CNO) is reverse-metabolized to clozapine and 
produces clozapine-like interoceptive stimulus effects in rats and mice. Sci Rep, 8, 3840. 
 
Matell, M. & Meck, W. (2004) Cortico-striatal circuits and interval timing: coincidence detection of 
oscillatory processes. Cognitive Brain Research, 21, 139-170. 
 
Matell, M.S., Meck, W.H. & Nicolelis, M.A.L. (2003) Interval timing and the encoding of signal 
duration by ensembles of cortical and striatal neurons. Behavioral Neuroscience, 117, 760-
773. 
 
Meck, W., Penney, T. & Pouthas, V. (2008) Cortico-striatal representation of time in animals and 
humans. Current Opinion in Neurobiology, 18, 145-152. 
 
 References 126 
Melis, M., Diana, M. & Gessa, G.L. (1999) Clozapine potently stimulates mesocortical dopamine 
neurons. Eur J Pharmacol, 366, R11-13. 
 
Mirenowicz, J. & Schultz, W. (1994) Importance of unpredictability for reward responses in primate 
dopamine neurons. J Neurophysiol, 72, 1024-1027. 
 
Mogenson, G.J., Swanson, L.W. & Wu, M. (1983) Neural projections from nucleus accumbens to 
globus pallidus, substantia innominata, and lateral preoptic-lateral hypothalamic area: an 
anatomical and electrophysiological investigation in the rat. J Neurosci, 3, 189-202. 
 
Montague, P.R., Dayan, P. & Sejnowski, T.J. (1996) A framework for mesencephalic dopamine 
systems based on predictive Hebbian learning. J Neurosci, 16, 1936-1947. 
 
Montague, P.R., McClure, S.M., Baldwin, P.R., Phillips, P.E., Budygin, E.A., Stuber, G.D., Kilpatrick, 
M.R. & Wightman, R.M. (2004) Dynamic gain control of dopamine delivery in freely moving 
animals. J Neurosci, 24, 1754-1759. 
 
Nauta, W.J., Smith, G.P., Faull, R.L. & Domesick, V.B. (1978) Efferent connections and nigral afferents 
of the nucleus accumbens septi in the rat. Neuroscience, 3, 385-401. 
 
Nicolaysen, L.C., Ikeda, M., Justice, J.B., Jr. & Neill, D.B. (1988) Dopamine release at behaviorally 
relevant parameters of nigrostriatal stimulation: effects of current and frequency. Brain Res, 
460, 50-59. 
 
Nieh, E.H., Vander Weele, C.M., Matthews, G.A., Presbrey, K.N., Wichmann, R., Leppla, C.A., 
Izadmehr, E.M. & Tye, K.M. (2016) Inhibitory Input from the Lateral Hypothalamus to the 
Ventral Tegmental Area Disinhibits Dopamine Neurons and Promotes Behavioral Activation. 
Neuron, 90, 1286-1298. 
 
Owesson-White, C.A., Cheer, J.F., Beyene, M., Carelli, R.M. & Wightman, R.M. (2008) Dynamic 
changes in accumbens dopamine correlate with learning during intracranial self-stimulation. 
Proc Natl Acad Sci U S A, 105, 11957-11962. 
 
Paladini, C.A., Iribe, Y. & Tepper, J.M. (1999) GABAA receptor stimulation blocks NMDA-induced 
bursting of dopaminergic neurons in vitro by decreasing input resistance. Brain Res, 832, 
145-151. 
 
Paladini, C.A. & Tepper, J.M. (1999) GABA(A) and GABA(B) antagonists differentially affect the firing 
pattern of substantia nigra dopaminergic neurons in vivo. Synapse, 32, 165-176. 
 
Pan, W.X., Schmidt, R., Wickens, J.R. & Hyland, B.I. (2005) Dopamine Cells Respond to Predicted 
Events during Classical Conditioning: Evidence for Eligibility Traces in the Reward-Learning 
Network. Journal of Neuroscience, 25, 6235-6242. 
 
 References 127 
Pan, W.X., Schmidt, R., Wickens, J.R. & Hyland, B.I. (2008) Tripartite mechanism of extinction 
suggested by dopamine neuron activity and temporal difference model. J Neurosci, 28, 9619-
9631. 
 
Parker, J.G., Beutler, L.R. & Palmiter, R.D. (2011) The Contribution of NMDA Receptor Signaling in the 
Corticobasal Ganglia Reward Network to Appetitive Pavlovian Learning. Journal of 
Neuroscience, 31, 11362-11369. 
 
Parker, J.G., Zweifel, L.S., Clark, J.J., Evans, S.B., Phillips, P.E. & Palmiter, R.D. (2010) Absence of 
NMDA receptors in dopamine neurons attenuates dopamine release but not conditioned 
approach during Pavlovian conditioning. Proc Natl Acad Sci U S A, 107, 13491-13496. 
 
Parkinson, J.A., Dalley, J.W., Cardinal, R.N., Bamford, A., Fehnert, B., Lachenal, G., Rudarakanchana, 
N., Halkerston, K.M., Robbins, T.W. & Everitt, B.J. (2002) Nucleus accumbens dopamine 
depletion impairs both acquisition and performance of appetitive Pavlovian approach 
behaviour: implications for mesoaccumbens dopamine function. Behav Brain Res, 137, 149-
163. 
 
Pavlov, I.P. (1927) Conditioned reflexes: an investigation of the physiological activity of the cerebral 
cortex. Oxford Univ. Press, Oxford, England. 
 
Paxinos, G. & Watson, C. (1998) The Rat Brain in Stereotaxic Coordinates. Academic Press. 
 
Pearce, J.M. & Bouton, M.E. (2001) Theories of associative learning in animals. Annu Rev Psychol, 52, 
111-139. 
 
Ponzi, A. & Wickens, J. (2010) Sequentially Switching Cell Assemblies in Random Inhibitory Networks 
of Spiking Neurons in the Striatum. Journal of Neuroscience, 30, 5894-5911. 
 
Ponzi, A. & Wickens, J. (2012) Input dependent cell assembly dynamics in a model of the striatal 
medium spiny neuron network. Front Syst Neurosci, 6, 6. 
 
Ponzi, A. & Wickens, J.R. (2013) Optimal balance of the striatal medium spiny neuron network. PLoS 
Comput Biol, 9, e1002954. 
 
Raper, J., Morrison, R.D., Daniels, J.S., Howell, L., Bachevalier, J., Wichmann, T. & Galvan, A. (2017) 
Metabolism and Distribution of Clozapine-N-oxide: Implications for Nonhuman Primate 
Chemogenetics. ACS Chem Neurosci, 8, 1570-1576. 
 
Rescorla, R.A. (1968) Probability of shock in the presence and absence of CS in fear conditioning. J 
Comp Physiol Psychol, 66, 1-5. 
 
Rescorla, R.A. (1988) Pavlovian conditioning. It's not what you think it is. Am Psychol, 43, 151-160. 
 
 References 128 
Rescorla, R.A. & Wagner, A. (1972) A Theory of Pavlovian Conditioning: Variations in the 
effectiveness of Reinforcement and Nonreinforcement. In Black, A.H., Prokasy, W.F. (eds) 
Classical Conditioning II: Current Research and Theory. Appleton-Century-Crofts, New York, 
pp. 64-99. 
 
Reynolds, J.N., Hyland, B.I. & Wickens, J.R. (2001) A cellular mechanism of reward-related learning. 
Nature, 413, 67-70. 
 
Reynolds, J.N. & Wickens, J.R. (2000) Substantia nigra dopamine regulates synaptic plasticity and 
membrane potential fluctuations in the rat neostriatum, in vivo. Neuroscience, 99, 199-203. 
 
Reynolds, J.N. & Wickens, J.R. (2002) Dopamine-dependent plasticity of corticostriatal synapses. 
Neural Netw, 15, 507-521. 
 
Robinson, T.E. & Flagel, S.B. (2009) Dissociating the predictive and incentive motivational properties 
of reward-related cues through the study of individual differences. Biol Psychiatry, 65, 869-
873. 
 
Roth, B.L. (2016) DREADDs for Neuroscientists. Neuron, 89, 683-694. 
 
Russchen, F.T., Bakst, I., Amaral, D.G. & Price, J.L. (1985) The amygdalostriatal projections in the 
monkey. An anterograde tracing study. Brain Res, 329, 241-257. 
 
Salgado, S. & Kaplitt, M.G. (2015) The Nucleus Accumbens: A Comprehensive Review. Stereotact 
Funct Neurosurg, 93, 75-93. 
 
Saunders, B.T. & Robinson, T.E. (2012) The role of dopamine in the accumbens core in the expression 
of Pavlovian-conditioned responses. European Journal of Neuroscience, 36, 2521-2532. 
 
Schiller, D., Zuckerman, L. & Weiner, I. (2006) Abnormally persistent latent inhibition induced by 
lesions to the nucleus accumbens core, basolateral amygdala and orbitofrontal cortex is 
reversed by clozapine but not by haloperidol. J Psychiatr Res, 40, 167-177. 
 
Schultz, W. (1986) Responses of midbrain dopamine neurons to behavioral trigger stimuli in the 
monkey. J Neurophysiol, 56, 1439-1461. 
 
Schultz, W., Apicella, P. & Ljungberg, T. (1993) Responses of monkey dopamine neurons to reward 
and conditioned stimuli during successive steps of learning a delayed response task. J 
Neurosci, 13, 900-913. 
 
Schultz, W., Dayan, P. & Montague, P.R. (1997) A neural substrate of prediction and reward. Science, 
275, 1593-1599. 
 
 References 129 
Schwieler, L. & Erhardt, S. (2003) Inhibitory action of clozapine on rat ventral tegmental area 
dopamine neurons following increased levels of endogenous kynurenic acid. 
Neuropsychopharmacology, 28, 1770-1777. 
 
Sharpe, M.J., Chang, C.Y., Liu, M.A., Batchelor, H.M., Mueller, L.E., Jones, J.L., Niv, Y. & Schoenbaum, 
G. (2017) Dopamine transients are sufficient and necessary for acquisition of model-based 
associations. Nat Neurosci, 20, 735-742. 
 
Shiflett, M.W. & Balleine, B.W. (2010) At the limbic-motor interface: disconnection of basolateral 
amygdala from nucleus accumbens core and shell reveals dissociable components of 
incentive motivation. Eur J Neurosci, 32, 1735-1743. 
 
Stachniak, T.J., Ghosh, A. & Sternson, S.M. (2014) Chemogenetic synaptic silencing of neural circuits 
localizes a hypothalamus-->midbrain pathway for feeding behavior. Neuron, 82, 797-808. 
 
Steinberg, E.E., Keiflin, R., Boivin, J.R., Witten, I.B., Deisseroth, K. & Janak, P.H. (2013) A causal link 
between prediction errors, dopamine neurons and learning. Nature Neuroscience, 16, 966-
U248. 
 
Stopper, C.M., Tse, M.T.L., Montes, D.R., Wiedman, C.R. & Floresco, S.B. (2014) Overriding Phasic 
Dopamine Signals Redirects Action Selection during Risk/Reward Decision Making. Neuron, 
84, 177-189. 
 
Stout, S.C. & Miller, R.R. (2007) Sometimes-competing retrieval (SOCR): A formalization of the 
comparator hypothesis. Psychol Rev, 114, 759-783. 
 
Tan, K.R., Yvon, C., Turiault, M., Mirzabekov, J.J., Doehner, J., Labouebe, G., Deisseroth, K., Tye, K.M. 
& Luscher, C. (2012) GABA neurons of the VTA drive conditioned place aversion. Neuron, 73, 
1173-1183. 
 
Tepper, J.M. & Lee, C.R. (2007) GABAergic control of substantia nigra dopaminergic neurons. Prog 
Brain Res, 160, 189-208. 
 
Thierry, A.M., Blanc, G., Sobel, A., Stinus, L. & Glowinski, J. (1973) Dopaminergic terminals in the rat 
cortex. Science, 182, 499-501. 
 
Tian, J., Huang, R., Cohen, J.Y., Osakada, F., Kobak, D., Machens, C.K., Callaway, E.M., Uchida, N. & 
Watabe-Uchida, M. (2016) Distributed and Mixed Information in Monosynaptic Inputs to 
Dopamine Neurons. Neuron, 91, 1374-1389. 
 
Tye, K.M., Stuber, G.D., de Ridder, B., Bonci, A. & Janak, P.H. (2008) Rapid strengthening of thalamo-
amygdala synapses mediates cue-reward learning. Nature, 453, 1253-U1256. 
 
 References 130 
Tyree, S.M. & de Lecea, L. (2017) Lateral Hypothalamic Control of the Ventral Tegmental Area: 
Reward Evaluation and the Driving of Motivated Behavior. Frontiers in Systems 
Neuroscience, 11. 
 
Usuda, I., Tanaka, K. & Chiba, T. (1998) Efferent projections of the nucleus accumbens in the rat with 
special reference to subdivision of the nucleus: biotinylated dextran amine study. Brain Res, 
797, 73-93. 
 
Vardy, E., Robinson, J.E., Li, C., Olsen, R.H., DiBerto, J.F., Giguere, P.M., Sassano, F.M., Huang, X.P., 
Zhu, H., Urban, D.J., White, K.L., Rittiner, J.E., Crowley, N.A., Pleil, K.E., Mazzone, C.M., 
Mosier, P.D., Song, J., Kash, T.L., Malanga, C.J., Krashes, M.J. & Roth, B.L. (2015) A New 
DREADD Facilitates the Multiplexed Chemogenetic Interrogation of Behavior. Neuron, 86, 
936-946. 
 
Voorn, P., Jorritsmabyham, B., Vandijk, C. & Buijs, R.M. (1986) The Dopaminergic Innervation of the 
Ventral Striatum in the Rat - a Light-Microscopic and Electron-Microscopic Study with 
Antibodies against Dopamine. Journal of Comparative Neurology, 251, 84-99. 
 
Waelti, P., Dickinson, A. & Schultz, W. (2001) Dopamine responses comply with basic assumptions of 
formal learning theory. Nature, 412, 43-48. 
 
Watabe-Uchida, M., Zhu, L.S., Ogawa, S.K., Vamanrao, A. & Uchida, N. (2012) Whole-Brain Mapping 
of Direct Inputs to Midbrain Dopamine Neurons. Neuron, 74, 858-873. 
 
Weiner, I., Gal, G., Rawlins, J.N.P. & Feldon, J. (1996) Differential involvement of the shell and core 
subterritories of the nucleus accumbens in latent inhibition and amphetamine-induced 
activity. Behavioural Brain Research, 81, 123-133. 
 
Wickens, J. & Kotter, R. (1995) Cellular Models of Reinforcement. Models of Information Processing 
in the Basal Ganglia. Cambridge, MA/London: MIT Press. 
 
Williams, S.M. & Goldman-Rakic, P.S. (1998) Widespread origin of the primate mesofrontal 
dopamine system. Cereb Cortex, 8, 321-345. 
 
Wilson, C.J. & Callaway, J.C. (2000) Coupled oscillator model of the dopaminergic neuron of the 
substantia nigra. J Neurophysiol, 83, 3084-3100. 
 
Xia, Y.F., Driscoll, J.R., Wilbrecht, L., Margolis, E.B., Fields, H.L. & Hjelmstad, G.O. (2011) Nucleus 
Accumbens Medium Spiny Neurons Target Non-Dopaminergic Neurons in the Ventral 
Tegmental Area. Journal of Neuroscience, 31, 7811-7816. 
 
Yagishita, S., Hayashi-Takagi, A., Ellis-Davies, G.C.R., Urakubo, H., Ishii, S. & Kasai, H. (2014) A critical 
time window for dopamine actions on the structural plasticity of dendritic spines. Science, 
345, 1616-1620. 
 References 131 
 
Yang, H., de Jong, J.W., Tak, Y., Peck, J., Bateup, H.S. & Lammel, S. (2018) Nucleus Accumbens 
Subnuclei Regulate Motivated Behavior via Direct Inhibition and Disinhibition of VTA 
Dopamine Subpopulations. Neuron, 97, 434-449 e434. 
 
Zahm, D.S., Cheng, A.Y., Lee, T.J., Ghobadi, C.W., Schwartz, Z.M., Geisler, S., Parsely, K.P., Gruber, C. 
& Veh, R.W. (2011) Inputs to the midbrain dopaminergic complex in the rat, with emphasis 
on extended amygdala-recipient sectors. J Comp Neurol, 519, 3159-3188. 
 
Zhu, H. & Roth, B.L. (2014) Silencing synapses with DREADDs. Neuron, 82, 723-725. 
 
 
 
 
 Appendix I 132 
Appendix I 
To answer whether any of the 14 goal tracking animals reported in chapter four seemed to 
express the Kamin blocking effect, the relative response index scores were compared for 
individual rats. In the goal tracking group, while 10 of the 14 rats showed equivalent 
responding to S1 and S2, 4 of the 14 rats showed more responding to S2 than S1. This 
suggests that while most animals in the goal tracking group showed an attenuation in the 
Kamin blocking effect, four of these rats may have expressed the effect. In the sign tracking 
group, 15 of the 17 rats showed a greater response to S2 than to S1, and 2 rats showed almost 
equivalent responding to both S1 and S2. This suggests that while most of the animals in the 
sign tracking group expressed the Kamin blocking effect, two rats may not have expressed 
the blocking effect. The finding that a few rats show differences in the expression of the 
Kamin blocking effect as compared to the majority in the group they belong to (sign tracking 
or goal tracking group) suggest that the two learning mechanisms learn in parallel during 
classical conditioning. 
